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Abstract

Two single-operator multiparameter metabolic analyzers (SOMMA)-coulometry systems (I and I1) for total carbon
dioxide (TCO,) were placed on board the R/V Knorr for the US component of the Indian Ocean CO, Survey in
conjunction with the World Ocean Circulation Experiment-WOCE Hydrographic Program (WHP). The systems were used
by six different measurement groups on 10 WHP Cruises beginning in December 1994 and ending in January 1996. A total
of 18,828 individual samples were analyzed for TCO, during the survey. This paper assesses the analytical quality of these
data and the effect of several key factors on instrument performance. Data quality is assessed from the accuracy and
precision of certified reference materia (CRM) analyses from three different CRM batches. The precision of the method was
1.2 pmol /kg. The mean and standard deviation of the differences between the known TCO, for the CRM (certified value)
and the CRM TCO, determined by SOMMA-coulometry were —0.91 + 0.58 (n=470) and —1.01 + 0.44 (n=513)
wmol /kg for systems | and |1, respectively, representing an accuracy of 0.05% for both systems. Measurements of TCO,
made on 12 crossover stations during the survey agreed to within 3 wmol /kg with an overall mean and standard deviation of
the differences of —0.78 + 1.74 pwmol /kg (n = 600). The crossover results are therefore consistent with the precision of the
CRM analyses. After 14 months of nearly continuous use, the accurate and the virtually identical performance statistics for
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the two systems indicate that the cooperative survey effort was extraordinarily successful and will yield a high quality data
set capable of fulfilling the objectives of the survey. © 1998 Elsevier Science B.V. All rights reserved.

Keywords: total carbon dioxide (TCO,); single-operator multiparameter metabolic analyzers (SOMMA) coulometry; marine studies

1. Introduction

Between 1990 and 1997 an international effort
was made to determine the global oceanic distribu-
tion of inorganic carbon in conjunction with the
World Ocean Circulation Experiment (WOCE) Hy-
drographic Programme (WHP). This effort is re-
ferred to as the Global Survey of CO, in the oceans,
and it is an integra part of the Joint Global Ocean
Flux Study (JGOFS). The goals of this survey are to:
1. Accurately determine the oceanic distribution of

dissolved inorganic carbon,

2. Quantify the uptake of anthropogenic carbon
dioxide by the oceans to better predict future
atmospheric carbon dioxide levels,

3. Provide a global description of anthropogenic car-
bon dioxide in the oceans to aid development of a
3-dimensional model of the oceanic carbon cycle,

4. Characterize the transport of carbon dioxide be-
tween the ocean and the atmosphere and the large
scale (e.g., meridional) transports of carbon diox-
ide within the ocean.

The survey has acquired a global data set of
profile measurements of dissolved carbon dioxide
parameters on both zonal and meridional oceano-
graphic transects throughout the world’ s oceans. With
reference to program goals, Bates et al. (1996) found
that for mixed layer waters the average rate of
increase in CO, concentration due to the uptake of
anthropogenic CO, was 1.7 wmol /kg/yr (< 0.1%).
This rate of increase establishes a natural target for
the accuracy of the TCO, measurements. The distri-
bution of this ‘excess CO, signal is not uniform
spatially, and it is masked by variability in CO,
concentrations arising from natural biological and
physicochemical processes. Hence, the goals of the
program imply that measurements must be extremely
accurate (0.1% or better) and spatially extensive. A
large part of the US contribution to this survey has
been conducted by a team of investigators supported
by the US Department of Energy (DOE). This team
has developed certified reference materials (Dickson,
1990), instrumentation (Johnson and Wallace, 1992),

a set of standard operating procedures (DOE, 1994)
and, to a large extent, shared a common approach to
the measurement program.

This paper presents the DOE team effort which
sampled the Indian Ocean for inorganic carbon dur-
ing the course of approximately 1 year. All the
measurements were made aboard a single research
vessel during sequential cruises which alowed the
investigators to share equipment and procedures to
an unprecedented extent. This paper concentrates on
estimating the accuracy of the shipboard determina
tions of the total dissolved inorganic carbon concen-
tration of seawater. This parameter was established
at the onset of the survey as the primary carbonate
system parameter because its concentration should
change in response to anthropogenic CO, uptake and
it had the highest potential for measurement accu-
racy. Our results highlight some factors which affect
the accuracy of this measurement. The Indian Ocean
Survey aboard the R/V Knorr encompassed the
cruise legs shown in Fig. 1 in the sequence given in
Table 1. Fig. 1 also givesthelocation of the crossover
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Fig. 1. The cruise tracks for the nine legs of the US Indian Ocean
WOCE Survey 1994-1996. Crossover points between the various
legs are marked with a square and numbered. These intersection
points and crossovers are referred to in Table 4.
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Table 1

Approximate dates and ports of call for the 9 legs of the Indian Ocean CO, Survey, and the measurement groups responsible for the

determination of the carbonate system parameters

Leg Dates From To Group Duration (days)
Start End
18S19S 12/1/94 1/19/95 Fremantle Fremantle BNL 50
19N 1/24/95 3/6/95 Fremantle Colombo Princeton U. 42
I8NI5SE 3/10/95 4/16/95 Colombo Fremantle U. of Hawaii 38
13 4/20/95 6/7/95 Fremantle Port Louis U. of Miami 49
15W14 6/11/95 7/11/95 Port Louis Port Louis BNL 31
I7N 7/15/95 8/24/95 Port Louis Matrah U. of Hawaii 41
11 8/29/95 10/18/95 Matrah Singapore WHOI 51
Dry Dock 10/19/95 11/5/95 Singapore 17
110 11/6/95 11/24/95 Singapore Singapore Princeton U. 19
12 11,/28/95 1/19/96 Singapore Mombasa U. of Hawalii 53

Abbreviations: BNL, Brookhaven National Laboratory; U, University; WHOI, Woods Hole Oceanographic Institution.

points (cruise track intersections) where comparisons
of the reproducibility of the TCO, analyses were
made. The six survey groups measured two water
column carbonate system parameters, total dissolved
carbon dioxide (TCO,) and total akalinity (TA), and
assisted with the operation of an underway pCO,
(surface) system. This paper focuses on TCO, by
coulometry, while the total akalinity (TA) and par-
tia pressure of CO, (pCO,) measurements are the
subject of companion papers and reports (Millero et
al., 1998; Sabine and Key, 1998).

2. Materials and methods

2.1. Preparations

The total carbon dioxide concentration (TCO,)
was determined using two single-operator multipa-
rameter metabolic analyzers (SOMMA) each con-
nected to a Model 5011 coulometer (UIC, Joliet, IL
60434). Descriptions of the SOMMA-coulometer
system and its calibration can be found in the works
of Johnson (1995), Johnson and Wallace (1992), and
Johnson et al. (1987, 1993). A schematic diagram of
the SOMMA is shown in Fig. 2, and further details
concerning the coulometric titration can be found in
the works of Huffman (1977) and Johnson et al.
(1985). Briefly, seawater fills an automated to-de-
liver sample pipette. The contents of the pipette are

pneumatically injected into a stripping chamber con-
taining approximately 1.2 cm? of 8.5% (v /v) phos-
phoric acid, and the resultant CO, is extracted,
dried, and coulometrically titrated. Calibration is per-
formed by titrating known masses of pure CO, and
checked by analyzing certified reference materia
(CRM). The coulometers were adjusted to give a
maximum titration current of 50 mA, and they were
run in the counts mode (the number of pulses or
counts generated by the coulometer’s voltage to fre-
guency converter during the titration is displayed). In
the coulometer cell, the acid (hydroxyethylcarbamic
acid) formed from the reaction of CO, and ethanol-
amine is titrated coulometrically (electrolytic genera-
tion of OH™) with photometric endpoint detection.
The systems were equipped with conductance cells
(Model SBE-4, Sea-Bird Electronics, Bellevue, WA)
for measuring salinity as described by Johnson et al.
(1993).

The DOE supported the construction of nine
SOMMA-coulometer systems for the US CO, Sur-
vey Measurement Groups in the early 1990's (John-
son and Wallace, 1992), and two of these systems
from the DOE instrument pool were set up aboard
the R/V Knorr in Fremantle, Australia on Novem-
ber 28, 1994. Before they were shipped to Australia,
the temperature sensors were calibrated, the glass-
ware was chemicaly cleaned and gravimetrically
calibrated, the gas sample loop volumes were cali-
brated according to the procedure of Wilke et al.
(1993), the coulometers were electronically cali-
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Fig. 2. SOMMA-coulometer system schematic. Carbon dioxide extracted from a water sample (1) or from volume-calibrated gas sample
loops filled at a known pressure and temperature is degassed from the stripper (1V), dried (V), and coulometrically titrated (V1). The water
sample is pneumatically injected from the pipette (11) into the stripper, and the pure CO, contained in the gas loops is delivered to the
stripper from an 8-port chromatography valve (VII) equipped with pressure and temperature sensors. Salinity is measured using a
conductance cell (111) integrated into the SOMMA chassis. The pipette and conductance cell are thermostatted and equipped with

temperature sensors.

brated (Johnson et al., 1993; DOE, 1994), and sys-
tem accuracy was verified with CRM at Brookhaven
National Laboratory (BNL). The same two systems
(hereafter called | and 11) were used by all measuring
groups. A backup system (from Woods Hole
Oceanographic Institution) was onboard but was not
used. Pre-cruise preparations also included a training
session for participants at the University of Miami in
September 19-23, 1994.

Referring to Fig. 2, the analytical gases included
UHP nitrogen (99.998%) for carrier and pneumatic
gases, compressed air for the headspace gas, and
analytical grade CO, (99.995%) from Scott Special-

ity Gases (South Plainfield, NJ) for the calibration
gas. The survey began with the use of compressed
gases, but prior to leg I8N in April 1995, a N,
generator (TOC Model 1500, Peak Scientific,
Chicago, IL) was placed into service. The generator
provided N, (99.9995%, hydrocarbons< 0.1 ppm,
CO, < 1.0 ppm) for carrier and pneumatic gases to
both systems for the remainder of the survey. Unless
otherwise stated, all other reagents remain as de-
scribed by Johnson et al. (1993).

The BNL measurement group supplied 7 side-
arm type glass titration cells (UIC, PN 200-034), 7
silver electrodes (PN 101-033), and 5 rubber cell
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caps (PN 192-005). A platinum electrode (PN 101-
034), temperature sensor (PN LM34CH, National
Semiconductor, Santa Clara, CA), and a teflon inlet
tube were mounted in each cap. Together, the cell
and cap comprise the cell assembly shown in Fig. 3.
For this paper, each cell assembly is assigned an
‘age’ or lifetime which is measured in minutes (chro-
nological age) or by the mass of carbon titrated in
mg C (carbon age) from the time when current is
first applied to the assembly (cell birth) until the
current is turned off (cell death). The software con-
tinuously records the chronological and carbon ages.

2.2. Selection of cell assemblies

The performance of individual cell assemblies
(Fig. 3) varies widely (K.M. Johnson, unpublished
data). Unacceptable assemblies exhibit high blanks,
prolonged blank determinations (> 2 h), reduced
accuracy or precision, or become noisy early in their
lifetime. Acceptable assemblies stabilize quickly

Cell Vent

Side-arm ———

Anode Electrode(Ag)

Anode Solution

(within 60 min) and function well for periods ex-
ceeding 24 h. Cell behavior will be discussed else-
where, but our experience suggests several factors
play a role: quadity of the reagents; quality (purity)
of the carrier gases; damage to the platinum elec-
trode; and perhaps the porosity of the cell frit. There-
fore, a systematic effort was made at the beginning
of leg 18SI9S to select satisfactorily performing cell
assemblies using pretested reagents and carrier gas
sources known to be uncontaminated. During this
first leg, the assemblies on hand were evaluated for
conformance to the following empirical criteria.

(1) Cell assemblies should attain a blank of <
0.005 pwmol C/min within 90 min of cell birth.
Satisfactory assemblies usualy exhibit a 15-25%
decline in the blank with each successive determina-
tion.

(2) The gas cdibration factor, which is the ratio
of an accurately known mass of CO, to the mass of
this gas determined coulometrically, should be 1.004
+ 0.0015 (recoveries of ~ 99.6%).
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Fig. 3. The titration cell assembly and the cathodic and anodic half reactions for the coulometric titration of the H* from the acid formed by

the reaction of CO, and ethanolamine.
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(3) Titrations of CO, extracted from gas sample
loops (gas calibration) or pipettes of 20 cm® (sample
anaysis) should take 9-12 min.

(4) Cell assemblies, which repeatedly exhibit titra-
tions longer than 20 min (no endpoint) before their
carbon age reached 30 mg C titrated, were consid-
ered defective. An occasiona failure to attain an
endpoint after the carbon age exceeds 30 mg C was
interpreted to mean that the cell frit required clean-
ing with 6 N HNO, and retesting.

Based on these criteria, three assemblies (2 pri-
mary and a third as backup) were found to be
acceptable during the first leg, and these assemblies
were used throughout the survey (at the midpoint of
the survey an additional assembly was placed into
service).

2.3. At-sea operations

The following TCO, sampling and measurement
practices were followed throughout the survey.

(1) The daily sequence of analytical operations for
each system as described in the SOMMA operator’s
manual (Johnson, 1995) consisted of changing the
cells and drying agents, determining the blank, run-
ning test seawater samples, calibrating the system
using pure CO, (gas calibration), analyzing samples,
and analyzing certified reference material (CRM) at
the beginning and end of the cell lifetime.

(2) A complete deep vertical profile for TCO,
and TA consisted of 36 samples. A lesser number of
samples were drawn at shallower stations. Complete
profiles were taken at every other station, and if time
permitted, additional truncated profiles (0—1000 m)
were taken. TCO, samples aways coincided with
¢ samples. Samples were drawn from 10- Niskin
bottles according to DOE (1994).

(3) Samples for TCO, were collected in 300 cm®
BOD-type glass bottles. They were poisoned with a
saturated HgCl, solution (200—400 p.l) upon collec-
tion. The appropriate correction factors for dilution
were applied by the measurement groups according
to DOE (1994).

(4) Sample bottles were rinsed and then allowed
to overflow by at least 1/2 volume before poison-
ing. Prior to April 1995, a glass stopper was inserted
into the full BOD bottle. After April 1995, a
headspace of approximately 4 cm® was created be-

fore poisoning and stoppering. This was done in a
reproducible manner by squeezing the filling tube
shut before withdrawing it from the bottle. This
change was made to ensure that no HgCl, was
displaced by the stopper, and to allow for water
expansion. The gas-liquid phase ratio was approxi-
mately 1.3%. A correction (+0.5 wmol /kg) for the
reequilibration of the liquid with the gas phase was
applied by the measurement groups according to
DOE (1994).

(5) To estimate sample precision, duplicate sam-
ples were normally collected at surface, mid depth,
and at the deepest depth. The duplicate analyses
were interspersed with the analysis of the other
profile samples with a minimum of 2 h and up to 12
h between duplicate analyses. Because the duplicate
analyses were separated in time, these data could
potentially detect drift (decreased precision) as the
cell aged. Every effort was made to run each station
profile on asingle cell assembly, and to limit the cell
lifetimeto <35 mg C.

(6) Although salinity was determined by the
SOMMA-coulometer systems, post-cruise sample
density was calculated using bottle salinities supplied
by the chief scientists. However, SOMMA-based
salinities were often compared to the real-time CTD
salinities to spot bottle mistrips during the taking of
the vertical profiles. The agreement between
SOMMA-based and CTD salinities was +0.02 or
better.

(7) To monitor the volume of the SOMMA
pipettes, they were periodically filled with deionized
water at known temperatures, and their output col-
lected in preweighed serum bottles. The bottles were
sedled immediately and stored until they were
reweighed at BNL on a model R300S (Sartorius,
Gottingen, Germany) balance. The mass of water
corrected for buoyancy was used to calculate the
to-deliver pipette volume (V,,, Eg. (3)) according to
DOE (1994).

(8) After use, cells were cleaned with deionized
water followed by an acetone rinse of the glass frit.
Before reuse, they were dried at 55°C for at least 12
h. Cell caps and the platinum electrodes were thor-
oughly washed with deionized water and dried at
55°C for at least 6 h before reuse.

(9) Duplicate samples from approximately 3000
m and 20 m were regularly collected for shore-based
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reference analyses of TCO, by vacuum extraction/
manometry by C.D. Keeling at the Scripps Institu-
tion of Oceanography (SIO). Between 2 and 5% of
the samples analyzed at sea will be analyzed at SIO
and reported elsewhere.

2.4. Calculation of results

For the coulometric determination, the mass of
carbon titrated from CO, extracted from the gas
sample loops or awater sample in wmol of carbon is
given by M according to:

M = [Counts/4824.45 — (Blank X t,)

~ (Inty, X t,)] /Slope,,, (1)

where Counts is the coulometer display, i.e., the
number of pulses accumulated by the coulometer’s
voltage to frequency circuit (VFC); 4824.45
(counts/umol) is a scaling factor derived from the
factory calibration of the VFC and the value of the
Faraday (96,485.309 C/mal); Blank is the system
blank in wmol /min; t, is the length of the titration
in minutes; Int,. is the intercept from the electronic
calibration of the coulometer; t; is the duration (min)
of continuous current flow, and Slope,. is the slope
from electronic calibration (Johnson et a., 1993;
DOE, 1994). Electronic calibration serves as a check
of the factory calibration. If the coulometer was
perfectly calibrated, the slope and intercept would be
1 and 0, respectively. Typically, minor deviations
from the theoretical slope (0.998—0.999) and inter-
cept (0.001-0.01) are observed. The water sample
TCO, concentration in pwmol /kg is calculated from:

TCO, = M X Calibration Factor X (1/(V;p))D
+ ATCO,, (2)

where V; is the sample volume (to-deliver volume
of the SOMMA pipette) calculated from:

VT=VcaI[1+av(T_TcaJ)]' (3)

and T is the analytical temperature; V., is the
calibrated volume of the pipette at the calibration
temperature, T_,; a, is the coefficient of volumetric
expansion for Pyrex glass (1.0 X 10~° /deg). In Eq.
(2), Cdlibration Factor is the gas cdlibration factor
(see Eq. (4)); p is the density of seawater from the

seawater equation of state (Millero and Poisson,

1981) at the sample salinity and T; D is the correc-
tion due to dilution of the sample with HgCl , preser-
vative; ATCO, is the correction for the repartition-
ing of CO, into the sample headspace according to
DOE (1994). Note that correction factors D and
ATCO, (Eg. (2)) are not incorporated into the
SOMMA software and were applied post cruise by
the individual measurement groups.

The gas calibration factor (Calibration Factor) is
the ratio of:

Meac/M, (4)

where M, is the mass of CO, contained in the gas
sample loop caculated according to DOE (1994),
and M is the coulometric determination of that same
mass from Eq. (1).

2.5. Assessment of analytical accuracy

Analytical accuracy was assessed by analyzing
certified reference materials (CRMs). The CRMs are
filtered seawater poisoned with HQCl,. They are
prepared in 500 cm? bottles at the Scripps Institution
of Oceanography (SIO) according to procedures
given by Dickson (1990). The certified TCO, value
is obtained by analyzing a representative number of
samples by vacuum extraction/manometry in the
laboratory of C.D. Keeling at SIO. For this paper,
the term analytical difference refers to the difference
between the analyzed (by coulometry) and the certi-
fied value of the CRM (by manometry), i.e., at-sea
accuracy is estimated from the analyzed TCO,-certi-
fied TCO, differences.

2.6. Data distribution

The complete data set has been submitted to the
Carbon Dioxide Information Analysis Center
(CDIAC) at the Oak Ridge National Laboratory
(ORNL). CDIAC will issue afinal data report which
will detail the procedures for retrieving the data. The
overall accuracy given below is considered fina at
this time, and the estimated precision is expected to
remain unchanged. The CDIAC web address is
http: / /cdiac.esd.ornl.gov.
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3. Results

During the survey, approximately 18,828 separate
samples (not counting duplicates) for TCO,, and 983
CRM were anayzed on the two systems (A. Kozyr,
personal communication, November 1997).

3.1. To-deliver pipette volume

Some 103 gravimetric determinations of the sam-
ple pipette volume were made on 28 separate occa
sions during the survey (14 on each system). Four of
the determinations were rejected; two because they
were exactly 1 cm® too high with respect to the
survey mean (likely due to failure to correctly note
the tare weight determined prior to the cruise), and

Table 2

two because they were inexplicably 0.3% lower than
the survey mean volumes (probably due to faulty
sealing and evaporation). There were no results from
leg I8N because the gravimetric samples were col-
lected incorrectly. Volume determinations should
have been made at the start, middle, and at the end
of each leg, or at least at the beginning and end of
each leg. However, for a variety of reasons, this was
not always the case. In order to consistently assign a
pipette volume to each leg, a leg-specific volume
(V) was obtained by averaging the volume deter-
minations made closest to the beginning and end of
the leg along with any made during that leg. Table 2
presents the results for V,,, and the chronological
order of the pipette determinations used to calculate
V,, are plotted in Fig. 4afor system | and Fig. 4b for

The leg-specific to-deliver pipette volume (V) and the calibration temperature (T, ) for SOMMA-coulometer systems | and |1 during the

Indian Ocean Survey 1994-1996

Leg n Vo, (em®) SD. (+cm®) R.SD. (%) T, (© Determinations averaged (legs)
System |

18S19S 2 21.4609 0.0037 0.02 20.00 see text, 8S9S,
19N 9 21.4543 0.0112 0.05 20.97 8S9S,, 9N,
Gas generator introduced as CG source

18NI5E 9 21.4443 % 0.0021 0.01 20.97 IN., 3,

13 15 21.4471 0.0042 0.02 20.57 INg, 31 4
Gas generator output pressure adjusted from 5 to 10 psi

15W14 10 21.4506 * 0.0023 0.01 19.93 5W4

I7N 8 21.4506 0.0032 0.02 20.36 7Ng m. e

11 5 21.4462 0.0074 0.03 20.12 N, 1,
Pipette dismounted, cleaned, and recalibrated

110 5 21.4460 0.0110 0.05 20.08 10,

12 8 21.4482 0.0091 0.04 20.08 10, 25
System 1

18S19S 18 21.6388 0.0068 0.03 20.24 8S9S;

19N 9 21.6360 0.0163 0.08 20.49 8S9S,, 9N,
Gas generator introduced as CG source

I8NISE 8 21.6239 0.0080 0.04 20.56 9N, 3,

13 14 21.6243 0.0068 0.03 20.31 INg, 3 4
Gas generator output pressure adjusted from 5 to 10 psi

15W14 11 21.6293 0.0068 0.03 19.97 5W4; .

I7N 8 21.6194 0.0048 0.02 20.05 7Ng m. e

11 4 21.6156 0.0035 0.02 20.00 N, 1,
Pipette dismounted, cleaned, and recalibrated

110 4 21.6269 * 0.0017 0.01 19.95 10,

12 9 21.6270 0.0028 0.01 19.94 10, 25

The subscripts (s, m, or ) for the pipette volume determinations averaged to calculate V,, signify determinations made at the start, middle,
or end of aleg, respectively. Values of V_, which are significantly different from the V, of the preceding leg are denoted by the asterisk.
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Fig. 4. The temporal record of the analytical performance of SOMMA-coulometer system | (Fig. 4a) and Il (Fig. 4b) during the Indian
Ocean Survey 1994-1996. The top section of the three-part graphs shows the leg-specific pipette volumes, V,,, as horizontal lines
corresponding to the duration of the individual legs, and the relative chronological order of the means of the individua pipette
determinations from which V_, was calculated as open circles placed before, in the middle of, or following the horizontal lines representing
V,, (see text and Table 2 for details). The middle section depicts the mean gas calibration factors for each leg (horizontal lines), and the
bottom section shows the mean analytical differences for the CRM analyses assuming a constant pipette volume (V,, for leg 18S) for the
duration of the survey (open circles) vs. the leg-specific V,, (closed circles). The error bars through the plot symbols represent the S.D. of
the determinations. Procedural changes (introduction of the gas generator, pressure adjustments, and cleaning) which may have affected

pipette volume are indicated by the arrows.

system Il. This averaging increases the number of
determinations used to calculate V,, and ensures
that V_, is based on at least two sets of determina-
tions, separated in time, for all legs except the initial
leg (18519S) and leg 110 after the pipette was cleaned.
Table 2 and Fig. 4a and b show the timing of events
which could conceivably have affected pipette vol-
ume. For I18SI9S, the pipette volumes were deter-
mined in the laboratory prior to the cruise; however,
the volume of system | had to be empirically redeter-
mined at-sea because its pipette was broken during
transit. This was done as follows: after replacing the
pipette, V,,, was determined by simultaneously ana-
lyzing a replicate from a single seawater sample on
systems | and Il. Because V, was well known for
system I, the TCO, concentration determined on
system Il was used to calculate the pipette volume of

system | by rearranging Eqg. (2) to solve for V; and
letting V; be equal to V., for the subseguent analy-
ses on system | during leg 18SI19S. As Table 2
shows, numerous volume determinations were made
for both systems | and Il on succeeding legs.

For 110, data from the prior leg could not be used
to calculate V,,, because leg 110 took place after the
pipettes had been dismounted for cleaning, which
may have altered their volumes. On legs I5WI14 and
I7N, replicate volume determinations were made at
the beginning, middle, and end of the leg by the
same measuring group so that V,,, for these legs do
not include results from preceding or succeeding
legs. The survey mean pipette volumes and their
standard deviations for systems | and Il are 21.4502
+0.0032 cm® at 20.25°C (n=43) and 21.6261 +
0.0028 cm® at 20.14°C (n = 56), respectively. The
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pooled standard deviation (sp?) calculated according
to Youden (1951) for the 28 sets of gravimetric
determinations is +0.0042 cm?®. Individualy, sp?
for system | is +0.0049 cm?®, and for system Il sp?
is +0.0036 cm®, suggesting a very dlightly higher
precision for system I1.

Significant differences at the 95% confidence level
in V for comparisons between each leg with the
succeeding leg were determined by two-tailed t-tests
according to Taylor (1990), and are denoted by
asterisks in Table 2. For the most part, leg to leg

Table 3

differencesin V are not significant (significance in
2 of 9 comparisons for each instrument), but it
should be noted that for both systems, the differences
between the initial leg (18S19S) pipette volumes and
al leg-specific volumes after leg 19N are significant.
In both systems, the to-deliver pipette volume de-
clines dightly with time. However, the decline is not
consistent between instruments. In system I, signifi-
cant decreases in volume appear earlier in the survey
and may be correlated with the switch to the N,
generator and a documented generator outlet pres-

A summary of the mean analytical parameters and mean analytical differences for the three batches of CRM analyzed on SOMMA-coulom-

eter systems | and |1l during the Indian Ocean Survey 1994—1996

Leg Slope,,  Inte Cdfactor CRM (batch)  Precision, n(4+wmol /kg)  Analytical difference const-vp/corr-vp
System |

18S19S 1.0002 0.0008 1.0043 23 1.15(54) -041/-041
19N 1.0007 0.0013  1.0045 23 0.86 (71) —-0.83/—-0.20
I8NI5E? 1.0007 0.0013  1.0062 23 1.36 (55) -171/-0.15
13 1.0007 0.0013  1.0053 23 0.98 (37) —-233/—-131
13 1.0007 0.0013 1.0053 26 0.98 (20) —277/—-172
15W14° 0.9998 —0.0057 1.0041 26 1.31(41) —-1.83/—-0.88
17N 0.9998 —0.0057 1.0043 23 1.71(6) —1.66/— 0.69
17N 0.9998 —0.0057 1.0043 26 1.88(55) —-174/-0.78
17N 0.9998 —0.0057 1.0043 27 0.88(8) —291/—-195
11 0.9998 —0.0057 1.0038 27 1.10(64) —-282/—145
110° 0.9998 —0.0057 1.0037 27 0.72(32) —-0.58/—0.58
12 0.9998 —0.0057 1.0040 27 1.11(27) -057/-0.77
Mean 1.0045 1.17 (470) —-168/—-0.91
SD.(+) 0.0008 0.35 0.92,/0.58
System |1

118S19S 0.9996 —0.0025 1.0041 23 1.18 (104) —-0.89/—0.89
19N 0.9996 —0.0025 1.0039 23 0.90 (70) —-183/—-157
I8NISE? 0.9996 —0.0025 1.0041 23 1.14 (59) -173/-0.35
13 0.9996 —0.0025 1.0045 23 0.85 (35) —-214/-0.62
13 0.9996 —0.0025 1.0045 26 0.69 (13) —244/-111
15W14° 0.9998 0.0045 1.0050 26 0.79 (41) —-214/-128
17N 0.9998 0.0045 1.0051 23 0.88(5) —-325/—-147
17N 0.9998 0.0045 1.0051 26 0.84 (54) —-209/-0.32
17N 0.9998 0.0045 1.0051 27 0.77 (10) —288/—-110
11 0.9998 0.0045 1.0041 27 1.11(70) —-351/—-1.38
110° 0.9998 0.0045 1.0038 27 0.65 (28) —0.66/ — 0.66
12 0.9998 0.0045 1.0035 27 1.11(24) —-138/—-139
Mean 1.0042 0.91 (513) —-208/—-1.01
SD.(+) 0.0005 0.18 0.87,/0.44

For each CRM batch analyzed, precision is given as the standard deviation of the mean of (n) analyses. Abbreviations: ec, electronic
calibration; calfactor, gas calibration factor; Int, intercept; const-vp, mean analytical difference calculated using a constant pipette volume;
corr-vp, mean analytical difference calculated using the leg-specific V,, (Table 2).

#Gas Generator introduced as CG source.

PGas generator output pressure adjusted from 5 to 10 psi.
°Pipette dismounted, cleaned and recalibrated.
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sure adjustment, but this is not the case with system
Il where dismounting and cleaning of the pipette late
in the survey may have had the greatest effect.

3.2. CRM analyses and system accuracy

In addition to the leg-specific pipette volumes,
Fig. 4a (system I) and Fig. 4b (system 1) show the
mean analytical differences (analyzed TCO,-certified
TCO,) and the mean gas calibration factors for each
survey leg. The plots are scaled so that each Y-axis
spans a similar range in order that the factors con-
trolling system accuracy can be more readily identi-
fied. These data are also tabulated and summarized
in Table 3. Table 3 shows that the gravimetric
volume determinations (Table 2) have detected real
changes in V,, during the survey. The mean analyti-
cal differences calculated with the corrected pipette
volumes (corr-vp, Table 3) are —0.91 and —1.01
pwmol /kg for systems | and Il, respectively. If the
pipette volumes determined at the beginning of the
survey (const-vp) were used, the corresponding dif-
ferences would be —1.61 and —2.08 pmol/kg,
showing that the routine determination of pipette
volume increased accuracy by a factor of ~ 2.

Fig. 5 is a bar chart of the mean analytical
difference (accuracy) for systems | and Il as a func-
tion of cell carbon age. Both systems behave very

Cell Age (mgC titrated)
<10 10to 20 2010 30 >30

I198'252A 45 101‘ 116' 66‘
-0.5

-2.5

Mean Analytical Difference (Lmol kg'l)

-3.0 T T T

Fig. 5. A plot showing the distribution of mean analytical differ-
ences for CRM analyses vs. coulometer cell age for SOMMA-
coulometer systems | (open bars) and Il (filled bars) during the
Indian Ocean Survey 1994-1996. The error bars represent the
95% confidence interval for the mean differences, and the num-
bers inside the columns are the number of measurements (n) used
to compute the means.

similarly with the best precision and accuracy early
in the cell lifetime (< 10 mg C), increasing differ-
ences for cells of intermediate ages (> 10 to < 30
mg C), and smaller differences for carbon ages
exceeding 30 mg C which are not significantly dif-
ferent from those at ages < 10 mg C. No corrections
based on the analyzed-certified TCO, differences or
cell age have been applied to the CDIAC data set.

3.3. System repeatability and precision during the
survey

For the survey as a whole, the operating condi-
tions and analytical performance of the two SOMMA
systems were virtually identical. Survey-wide the
mean gas calibration factors of the two systems were
nearly identical (1.0045 for system | compared to
1.0042 for I1). While both systems yielded dightly
negative (~ 1.0 wmol /kg) mean analytical differ-
ences (Table 3), the standard deviation of the analyti-
cal differences was dlightly better on system II
(+£0.91 wmol /kg) than system | (1.17 pwmol /kg).
This is consistent with the gravimetric volume deter-
minations where system Il aso exhibited a slightly
higher precision (sp? = +0.0036 cm® vs. +0.0049
cm?® for system I).

For the CRM analyses, the precision or pooled
standard deviation (sp?) calculated according to
Y ouden (1951) is 1.19 wmol /kg (df = 977). For this
calculation, the three batches of CRM analyzed on
the two systems are treated as six separate samples
with multiple replicates. Because sp? includes CRM
data measured on both systems on all legs, it applies
to both systems on all legs. For water samples, sp?
was calculated from duplicates analyzed on each
system during leg 18SI9S at the start of the survey
and leg 15WI14 about half way through the survey.
The sp? for leg 18S19Sis +1.26 wmol /kg (df = 15),
and for leg I5W14, sp? is +0.91 wmol /kg (df = 21).
These values are consistent with the precision of the
CRM analyses given in Table 3. For the survey, the
overall precision of the TCO, determinationis +1.19
pmol /kg.

Fig. 6 is a plot of the analytical differences by
system and CRM batch for the entire survey. The
differences, calculated using the parameters in Table
3, reiterate the point that there are no significant
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Fig. 6. The analytical differences for the CRM analyses made on SOMMA-coulometer systems | and Il during the Indian Ocean Survey
1994-1996 with separate symbols for the results from the two systems and for the three batches of CRM analyzed. The beginning and end
of each leg is marked by vertical dashed lines. The respective salinities and certified TCO, (umol /kg) for batches 23, 26, and 27 are
33.483 and 1993.10, 33.258 and 1978.34, 33.209 and 1988.10 wmol /kg.

anaytical differences (bias) between systems or be-
tween CRM batches.

4. Discussion

The Indian Ocean CO, Survey differed from the
previous DOE CO, Survey efforts in that a single
ship was used for al legs, and that the measurement
groups shared the same analytica equipment. The
latter included the use of a single cache of coulomet-
ric reagents (two different lot numbers both of which
were tested pre-cruise with CRM), invariant sources
of analytical gases, use of the same titration cell
assemblies, standard sampling procedures, and stan-
dardized software. There was a pre-cruise training
session, and all of the participants had prior experi-
ence with the sampling and measurement techniques
(poisoning, reagent concentrations, standard calcula-
tions, glassware calibration, etc.) documented in the
DOE Handbook of Methods (DOE, 1994). Thus, an
extraordinary effort over several years to ensure

analytical quality and uniformity culminated in the
procedures used during the Indian Ocean Survey.
An improvement in system accuracy (Table 3) of
approximately 1 part in 2000 shows that the effort to
gravimetrically determine the pipette volumes on
each leg was worthwhile. The volumes of both sys-
tems did decrease dlightly but significantly with time.
Possible explanations include pressure changes in the
carrier gas source (system 1) or fouling of the glass
pipette walls causing atered surface tension or dis-
placement of small amounts of liquid (system I1).
Because the samples were poisoned with HgCl,, it is
unlikely that biological fouling was a problem, but
the high quantity of grease used to seal the CRM
bottles makes it possible that some of this grease
found its way into the pipettes. After cleaning, V,,
for leg 110 remained unchanged compared to the
preceding leg 11 on system | and increased dlightly
on system Il, but for both systems it was signifi-
cantly smaller than the V,, determined for the initial
leg (18S19S). After cleaning, the mean analytical
difference for leg 110 (system | and Il, n=2) was
—0.62 pmol /kg compared to —0.40 pmol /kg on
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the initial leg 18S when the instruments were fresh
from the laboratory indicating that pipettes were
most accurate after cleaning. Whatever the cause of
subsequent volume changes, the data confirm the
importance of periodically redetermining the volume,
and indicate that the procedure is mandatory for the
highest accuracy over extended periods of analytical
work and/or after major changes in system plumb-
ing. In aggregate, both systems share a small nega-
tive analytica difference (—1.0 wmol /kg) for the
CRM analyses throughout the survey even after
pipette volume corrections have been applied.

The cell accuracy vs. carbon age relationship
shown in Fig. 5 is typical of data from previous
cruises (K.M. Johnson, unpublished data). The best
precision and accuracy is found at a carbon age of
5-10 mg C, a dlightly reduced accuracy (usually as
lower recoveries of CRM carbon) is observed be-
tween 10-30 mg C, gradualy increasing recoveries
and imprecision after 30 mg C until cell death where
cell death is defined as a positive difference > 3.0
pmol /kg. This behavior underlies the recommenda-
tion that cell lifetimes be limited to a carbon age of
<35 mg C, i.e, to limit imprecision and because
cell death normally occurs at carbon ages > 35 mg
C. During the survey, neither CRM or samples were
run until the carbon age exceeded 5 mg C. This was
accomplished by configuring the software to auto-
matically run a test sample and three consecutive gas
calibrations before samples were analyzed. The rea
sons for the observed cell behavior are not under-
stood, but limiting cell lifetimes from >5to <35
mg C probably helps to limit system drift which
might compromise the sample analyses. Although
the imprecision associated with cell aging is small
and cell failure is rare at carbon ages <35 mg C,
good analytical practice requires that samples should
be run in random order rather than systematically in
order of depth to avoid systematic biases which
might result from any drift associated with cell age.

Fig. 4a and b shows no correlation between the
gas calibration factors and the analytical differences
after the CRM analyses were corrected for pipette
volume changes (Table 3). These data do show that
the overall mean gas calibration factor for both
systems is nearly the same (1.004), but that the
temporal record with respect to gas calibration factor
variation is not. Calibration factor variation

(R.S.D. = 0.06-0.08%) is greater than the variation
in V (R.SD.=0.03%), and is therefore a poten-
tially more important control on system accuracy.
For system I, the highest mean gas calibration factor
(poorest recovery of CO,) was observed on leg I8N,
while for system |l, the corresponding result oc-
curred months later, on leg 17N (same measurement
group, see Table 1). Because the system calibration
factors are not correlated with the analytical differ-
ences, the observed variations in calibration factors
are rea, i.e, they document a change in system
response shared by the calibration and sample analy-
ses rather than an isolated malfunction of the gas
cdibration hardware (see Fig. 2).

The reason for gas calibration factor variation is
not known. It could conceivably be due to proce-
dures unique to each measurement group, €.g., posi-
tioning of the cathode electrode and the gas inlet
tube with respect to the coulometer light source and
photodetector (Fig. 3), plumbing differences result-
ing in leaks and small losses of CO,, or the amount
of reagents used to dry the gas stream (Fig. 2). These
procedural differences would affect sample determi-
nations and gas calibration results similarly because,
as Fig. 2 shows, the calibration gas follows the same
route to the coulometer as the CO, extracted from
samples. Table 3 suggests at least one other possible
cause of gas calibration factor variation. The
coulometers were electronically calibrated by the
BNL group at the start of the survey (18S19S) and
about half way through the survey on leg I5WI14.
Between legs 18S19S and 15WI14 the coulometer cali-
bration appears to have changed by 0.08% for sys-
tem [, and by 0.02% for system Il. These calibrations
were separated by many weeks so the exact magni-
tude or timing of the shift is not known. Changes in
the coulometer’s circuitry affecting the electronic
slope (Slope,.) and intercept (Int,) would alter the
gas calibration factor but would not affect system
accuracy because, until recalibration, the previous
electronic calibration coefficients represent constants
in Eq. (1. In both systems, the sense of the apparent
change in electronic calibration coefficients com-
pared to the earlier coefficients is qualitatively con-
sistent with the observed short-lived variation in gas
calibration factors, and it is possible that this varia-
tion was due to unexplained changes in the coulome-
ter response.
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The important point is the efficacy of the gas
calibration procedure: correctionsto data based solely
on the CRM analyses which would usually be ap-
plied on a cruise-average basis may mask short term
variation or step changes in system response arising
from stochastic or procedural changes. The gas cali-
bration procedure, in which known masses of pure
CO, are regularly analyzed, is an independent check
of all system components except pipette volume, and
it provides traceable documentation for the subse-
quent survey results.

The importance of cell assembly selection should
be stressed. Investigators have found that the behav-
ior of individual cell assemblies can vary signifi-
cantly (e.g., D. Chipman, personal communication,
July 1996). The factors affecting cell performance
are still not yet completely understood. Hence, the
use of empirical selection criteria such as those given
in Section 2 is recommended. It is beyond the scope
of the paper to go into detail, but point ‘a in Fig. 3
illustrates one of the locations for potential problems.
A faulty seal where the platinum electrode emerges
from the glass insulator could alow infiltration and
trapping of the cell solution in the insulator where
electrochemical or chemica reactions could take

Table 4
Results of the crossover analysis (see text for details)

place. Small quantities of this solution (at a pH
different from the bulk cell solution) could randomly
exchange with the bulk cell solution and cause titra-
tion errors. This would be difficult to detect. Assem-
blies which did not meet the empirical performance
criteria in Section 2 were simply not used. The
attention to cell assembly testing and selection is
believed to a major reason for the success of the
Indian Ocean TCO, Survey. The survey assemblies
were aso carefully washed and dried. Drying at
55 + 5°C removes traces of the volatile and reactive
cell solution from the rubber caps.

5. Crossover analysis

The agreement between TCO, measurements
made at similar locations, but on different legs of the
survey, were used as a check on the internal consis-
tency of the measurements. Deep measurements were
used because of the lower variability in TCO, ob-
served in the deep ocean. Because most motion in
the ocean interior takes place along surfaces of con-
stant density (isopycnals), comparisons were made
along isopycnal surfaces rather than depth.

Crossover no. Expedition legs Stations TCO, difference + S.D. (nmol /kg)
Late Early Late Early
1 11 17N 927:931 780:784 —-25+05
2 11 19N 987:990 266:270 —-27+63
3 11 19N 996:998 233:235 -09+17
4 12 17N 1205 728:730 -04+11
5 12 18NI5E 1137:1139 320:324 15+15
6 12 19N 1094:1096 191:193 -3.0+07
7 12 110 1078 1075 —-15+15
8 15wWi4 13 705 547:549 16+ 05
9 13 18NI5E 498:501 346:348 —-26+07
10 13 19N 472 169 11+12
11 110 13 1039 452:454 1.1+03
12 I8NISE 18S19S 404:408 9:13 -11+10
13 11 I7N 861 808 13+04°
Mean —-0.78

The TCO, difference between legs is calculated by subtracting data from the earlier sampling of a crossover location from that of the later
sampling. The station numbers refer to the actual stations used for this analysis.

4The LOESS fit diverged significantly from the data.
PNot considered reliable due to insufficient data.
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Our crossover analysis was performed as follows:

(1) Locations at which different cruise legs inter-
sected were identified as ‘crossover points.” These
are identified in Table 4 and are plotted on Fig. 1.

(2) Stations located in the immediate proximity of
these crossover points, for which TCO, data existed,
were selected for the comparison. In general, stations
located within 100 km of the crossover location were
selected.

(3) For water samples collected below 2500 m,
smooth curves were fit through the TCO, data as a
function of the density anomaly referenced to 3000
dbar (sigma 3) using Cleveland's LOESS smoother
(Cleveland and Devlin, 1988). A separate fit was
performed to the data collected from each of the two
intersecting legs. The tension parameter for the
smoother was adjusted subjectively to give a ‘rea
sonable’ fit to the data at the majority of the crossover
locations, and the same value for the tension parame-
ter was used for all of the crossovers. Hence, while

the fits to the data may not necessarily represent the
best possible at each individual crossover point, the
smoothing function has been consistently applied to
all crossovers.

(4) For each crossover, the difference between the
two smooth curves was evaluated at 50 evenly spaced
intervals which covered the density range over which
the two data sets overlapped. A mean and a standard
deviation of the difference between the two curves
was estimated based on these 50 values, and these
values are reported in Table 4. An illustration of a
typical analysis, the fitted data for crossover 4, is
plotted on Fig. 7.

The results of the crossover analysis indicate that
absolute leg-to-leg differences are always < 3.0
pwmol /kg (Table 4). Note that the comparisons were
evaluated consistently such that the fit to data from
the earlier leg at each crossover was subtracted from
the fit to the later leg's data. Any uncorrected,
long-term, monotonic drift in the calibration of the

Crossover 4; Mean Difference =-0.4 +/- 1.1
41.45 4150 4155

C, (pmolkg™)
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Fig. 7. An example of a crossover analysis using the TCO, vs. density fits at crossover location #4. This location was first sampled on leg
17N in July 1995. It was resampled during January 1996 on leg 12. The TCO, data from stations within 100 km of the crossover location
and depths > 2500 m have been plotted vs. the potential density anomaly referenced to 3000 dbar (sigma 3). The solid curves represent fits
to the data using a LOESS smoother (see text). The difference between the fits for the two separate legs was evaluated at 50 density
intervals spaced evenly within the overlapping density range of the two legs (see Table 4). The legend shows the station numbers used for

the comparison.
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SOMMA andyzers over the course of the Indian
Ocean expedition would therefore result in anon-zero
value for the overall mean of these differences. The
overall mean and standard deviation of the differ-
ences at crossovers 1-12 is —0.78 (4+1.74)
p.mol /kg, and there was aso no significant correla-
tion between the individual differences derived from
each crossover and the number of days which sepa-
rated the crossover samplings. In genera, the results
of the crossover analysis are quite consistent with the
overal precision (+1.2 wmol /kg) of the CRM
analyses (see Section 3.3), and confirms that this
precision applies to both systems throughout the
survey. There is no suggestion in the crossover
results of any additional significant sources of error
or uncertainty.

6. Conclusions

In summary, personnel aboard the R/V Knorr
have been able to use the SOMMA-coulometer sys-
tem to consistently replicate within analytical error
the certified CRM TCO, vaues. They have been
able to use these systems to make, counting dupli-
cates and CRM, over 20,000 determinations of TCO,
during the 14 months of the Indian Ocean Survey
without significant instrument down time. The mea-
surement groups have accomplished the following.

(1) They have charted the history of the to-deliver
volume of the sample pipettes by gravimetric deter-
minations, and corrected the water sample data for
the documented changes in the pipette volumes. The
change in system response due to the change in
pi pette volume corresponded to approximately 1 part
in 2000 for TCO, on both systems over the 10
months prior to recleaning of the pipettes.

(2) The groups have determined that the survey
precision for the TCO, analyses, irrespective of
which leg or system the water samples were ana-
lyzed on, was +1.2 pmol /kg. The precision of the
two instruments was nearly identical and consistent
throughout the 14 months of the survey.

(3) They have analyzed nearly 1000 CRM with an
overall difference between the analyzed and certified
TCO, of —1.0 wmol /kg (0.05%) on both systems
which demonstrates the equivalency of the two inde-
pendent instruments, and meets the survey’s goal for
accuracy.

(4) The measurement groups have documented
the influence of factors besides pipette volume which
could have affected accuracy including electronic
calibration, gas calibration, cell age, and cell assem-
bly selection.

For precision, the pooled standard deviation (sp®
=1.2 umol /kg), calculated according to Youden
(1951), isthe most conservative estimate of precision
because it includes all random analytical errors (sam-
pling, instrumental, and method). The identical accu-
racy for the CRM analyses on both systems and the
results of the crossover analysis (Table 4) indicate
that the sp? dtatistic can be used to evaluate survey
data sets irrespective of the leg or system the data
originated from.

The SOMMA-coulometry systems have allowed
several scientific groups in a shared effort to exam-
ine carbon inventories and aquatic carbon cycling.
For the Indian Ocean Survey, the sensitivity of the
TCO, determinations defined as the ratio of their
precision (1.2 wmol /kg) over the TCO, dynamic
range (250 wmol /kg) was 0.4% which approaches
the 0.1% sensitivity of the salinometers used, and
these systems were as reliable as the salinometers. If
their reliability is to be improved, the focus should
be on understanding the basic behavior of the cell
assemblies and the chemical behavior of the cell
solutions as they age, so that procedural corrections
can be made. The accuracy and precision of the
Indian Ocean TCO, analyses indicates that these
data will be more than adequate for testing applica-
ble oceanographic models, and allow the direct mea-
surement of the CO, uptake if and when these lines
are resampl ed.
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Abstract

In 1995, we participated in a number of WOCE Hydrographic Program cruises in the Indian Ocean as part of the Joint
Globa Ocean Flux Study (JGOFS) CO, Survey sponsored by the Department of Energy (DOE). Two titration systems were
used throughout this study to determine the pH, total alkalinity (TA) and total inorganic carbon dioxide (TCO,) of the
samples collected during these cruises. The performance of these systems was monitored by making closed cell titration
measurements on Certified Reference Materials (CRMs). A total of 962 titrations were made on six batches of CRMs during
the cruises. The reproducibility calculated from these titrations was +0.007 in pH, +4.2 umol kgt in TA, and +4.1
wmol kg™t in TCO,. The at-sea measurements on the CRMs were in reasonable agreement with laboratory measurements
made on the same batches. These results demonstrate that the CRMs can be used as a reference standard for TA and to
monitor the performance of titration systems at sea. Measurements made on the various legs of the cruise agreed to within 6
wmol kg~ ! at the 15 crossover points. The overall mean and standard deviation of the differences at all the crossovers are
2.1+ 2.1 umol kg~!. These crossover results are quite consistent with the overall reproducibility of the CRM analyses for
TA (+4 pumol kg™?) over the duration of the entire survey. The TA results for the Indian Ocean cruises provide a reliable
data set that when combined with TCO, data can completely characterize the carbonate system. © 1998 Elsevier Science
B.V. All rights reserved.

Keywords: akalinity; WOCE Hydrographic Program; CO,
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1. Introduction

From 1994 to 1996, a number of cruises were
made in the Indian Ocean as part of the World
Ocean Circulation Experiment (WOCE) Hydro-
graphic Program to characterize the carbon dioxide
system. This survey of CO, was an integral part of
the Joint Global Ocean Flux Study (JGOFS). The
goals of this survey were to: (1) Quantify the uptake
of anthropogenic carbon dioxide by the oceans to
better predict future atmospheric carbon dioxide lev-
els; (2) Provide a globa description of the carbon
dioxide in the oceans to aid in the development of a
3-dimensional model of the oceanic carbon cycle;
and (3) Characterize the transport of CO, across the
air—sea interface and the large scale transports of
carbon dioxide within the oceans.

To satisfy these goals, it was necessary to make
very precise measurements of at least two of the
carbonate system parameters (pH; total alkalinity,
TA,; total carbon dioxide, TCO,; and the fugacity of
carbon dioxide, fCO,). Within the United States a
large part of this survey was conducted by a team of
investigators supported by the US Department of
Energy. The team selected the measurement of TCO,
(Johnson et al., 1998) and of TA as the parameters to
be measured in the water column and fCO, in the
atmosphere and surface waters. To insure that the
measurements of TCO, and TA were as precise and
accurate as possible Certified Reference Materials
(CRMs) (Dickson, 1990a) were used throughout the
studies. The team also developed a set of Standard
Operating Procedures * (DOE, 1994) and, to a large
extent, shared a common approach to the measure-
ment program.

For the studies in the Indian Ocean, the team
shared equipment throughout the study. This paper
presents the results of this team effort to precisely
and accurately determine the total akalinity during
these cruises and the intercomparison between
cruises. A companion paper (Johnson et al., 1998)
describes the total carbon dioxide measurements.

' DOE, 1991. Handbook of methods for the analysis of the
various parameters of the carbon dioxide system in sea water, In:
Dickson, A.G., Goyet, C. (Eds), Version 1.0, Unpublished
manuscript

2. Methods

The total alkalinity was determined on the JGOFS
Indian Ocean cruises by the DOE group using sys-
tems described in detail by Millero et al. (1993). The
total alkalinity of seawater was evaluated from the
proton balance at the akalinity equivalence point,
PH equiv ~ 4.5, according to the exact definition of
total alkalinity (Dickson, 1981)

TA = [HCO; | +2[CO%| + [B(OH), |
+[OH™] + [HPOZ~| + 2[PO; |
+[Sio(OH); | + [HS]
+[NH;] - [H"] - [HSO, |
—[HF] = [H3PO, ] (1)

At any point in the titration, the total akalinity of
seawater can be calculated from the equation

(Wy X TA = WX Cyigy) / (W, + W) = [HCO; |
+2[CO37| + [B(OH), | + [OH™] + [HPOZ"]
+2[PO}~| + [SIO(OH)5 | + [HS™] + [NH;]
—[H"] - [HSO, ] — [HF] - [H,PO,] (2

where W, is the mass of the sample to be titrated,
C,,c| isthe concentration of acid titrant, and W is the
mass of acid added. In the calculations, volumes of
the sample and of the acid were converted to mass
using the density of seawater (Millero and Poisson,
1981) and the density of HCI in NaCl (Millero et al.,
1977). Direct measurements made on the density of
the acid used agreed to within 10 ppm with the
equations used in the computer code. At the endpoint
(W,) the total alkalinity is given by

TA =W, X Cyc1 /Wy (3)
The uncertainties in TA associated with acid con-

centration (~ 0.25 + 0.0001 M), mass of acid deli-
vered (~ 2.5+ 0.0005 g), and mass of the sample
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(~200+4+0.05 g) are +1, +0.5, and +0.5 umol
kg™ ?, respectively (which gives a probable error of
about +1 wmol kg™'). By using the same acid,
titrators, and acid throughout a given cruise one can
obtain a precision that is comparable with this proba-
ble error. Discussed below are more details on the
components of the titration systems.

2.1. Titration system

The titration systems used to determine TA con-
sist of a Metrohm 665 Dosimat titrator and an Orion
720A pH meter controlled by a persona computer
(Millero et al., 1993). Both the acid titrant in a
water-jacketed burette and the seawater sample in a
water-jacketed cell were controlled to a constant
temperature of 25+ 0.1°C with a Nedlab constant
temperature bath. The plexiglass water-jacketed cells
used for our studies were similar to that used by
Bradshaw and Brewer (1988) except a larger volume
(about 200 cm®) was used to improve the precision.
These cells have fill and drain valves that increased
the reproducibility of the cell volume.

A Lab Windows C program is used to run the
titration and record the volume of the added acid and
the emf of the electrodes using RS232 interfaces.
The titration is made by adding HCI to seawater past
the akalinity end point. A typica titration records
the average of ten emf readings after they become
stable (4 0.09 mV) and adds enough acid to change
the voltage by a pre-assigned increment (~ 13 mV).
In contrast to the delivery of a fixed volume of acid,
this method gives more data points in the range of a
rapid increase in the emf near the endpoint. A full
titration (25 points) takes about 20 min.

2.1.1. Electrodes

The electrodes used to measure the emf of the
sample during atitration consist of a ROSS glass pH
electrode and an Orion double junction Ag, AgCl
reference electrode. A number of electrodes were
screened to select those to be used in the titrators.
Electrodes with non-Nernstian behavior (slopes more
than 1.0 mV different from the theoretical vaue)
were discarded. The reliability of the electrodes was
evaluated by determining the TA, TCO, and pH of

Gulf Stream seawater. The titration values of TCO,
are normally higher than the values measured by
coulometry and the values of pH are typically lower
than the values obtained by spectrophotometric
methods. These differences in TCO, and pH are
caused by the non-Nernstian behavior of the elec-
trodes (Millero et al., 1993). We selected electrodes
which gave values of TCO, and pH close to the
values determined by coulometric and by spec-
trophotometric methods, respectively.

2.1.2. Standard acids

The HCI used for this study and for al of our
cruises was made in the laboratory, standardized, and
stored in 500 cm?® glass bottles. The ~ 0.25 M HCI
solutions were made from 1 M Mallinckrodt stan-
dard solutions in 0.45 M NaCl to yield an ionic
strength equivalent to that of average seawater (~ 0.7
M). The concentration of HCl was measured using a
constant current coulometric technique (Taylor and
Smith, 1959; Marinenko and Taylor, 1968). Coulo-
metric analysis of the acids used for these cruises
agreed to +0.0001 M with the analyses performed
independently on the same batches of acidsin Dr. A.
Dickson’'s laboratory at Scripps Institution of
Oceanography (SIO). The mutual consistency of
these acids was also confirmed by comparing the
values of TA measured on Gulf Stream seawater
using different batches of acids, but using the same
titrator and electrodes. The uncertainties in TA asso-
ciated with acid concentration (+0.0001 M) is ~ 1
wmol kg~ 2.

2.1.3. Volume of the cells

The volume of each of the titration cells used at
sea was determined by comparing the values of TA
obtained for Gulf Stream seawater with open and
closed cells in the laboratory. All of the open cell
laboratory TA measurements were made with
weighed amounts of seawater in a cell with a small
head-space. If the volume is correct, the TA from the
open and closed cells should be the same, provided
that the same acid, titrator, and electrodes are used.
At least 10 measurements were made on each cell
yielding an average TA that agreed with the assigned
value to better than 1 wmol kg~*. If the volume of a
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Table 1
Comparison of the total alkalinity of Certified Reference Materials

Batch SIO Miami  A(SM)  Cruise

23 22127 22137 —10 18S/19S, I9N, I8N
/I5E, 13, 17N

24 22155 22158 —0.3 18R

26 21766 21751 15 13, I5W/ 14, | = 7N

27 22149 22143 0.6 I7N, 11,110, 12

29 21848 21823 25 18R

30 22019 2200.5 14 12

titration cell needed to be adjusted during the cruise
(because of broken electrodes, plungers etc.), the
volumes were determined from the daily titrations on
low-nutrient surface seawater (usually collected be-
fore the first station) and Certified Reference Materi-
as (CRMs) provided by Dr. A. Dickson (SIO).
Post-cruise calibrations of the cells were made by
comparing the values of TA for the Gulf Stream
seawater and CRM with open and closed cells. The
nominal volumes of all the cells were about 200 cm?,
and the values were determined to +0.05 cm®. The
uncertainty in TA associated with this uncertainty in

20°E 40°E 60°E

the volume of the cells (+0.05 cm®) is 0.5 umol
kg~! obtained for the weighed samples.

2.1.4. Volume of titrant

The volume of HCI delivered to the cell is tradi-
tionally assumed to have small uncertainty (Dickson,
1981) and equated to the digital output of the titrator.
Calibrations of all the burettes of the Dosimats used
were made with Milli-Q water at 25°C. Since the cell
volumes are calibrated using standard solutions, er-
rors in the accuracy of volume delivery will be
partially canceled and included in the value of cell
volumes assigned. The calibration of all the Dosi-
mats used at sea and in the laboratory indicated that
the amount of acid delivered (for a typical calcula-
tion) was uncertain to +0.0005 cm®. This uncer-
tainty in the volume delivered leads to an error in the
TA of +0.5 umol kg™. Nevertheless, corrections
to the Dosimat reading were made in al of our
laboratory TA measurements and calibrations to in-
sure that the assigned value for a different batch of
CRM and Gulf Stream water was not affected by the

80°E 100°E 120°E

20°E

120°E

Fig. 1. Cruise tracts of the Indian Ocean Studies showing crossover points.
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Table 2
Measurements of pH, TA and TCO, of CRM at sea
Cruise Startdate Enddate Baich Cell N TA average SD. TCO, average SD. pHaverage SD.
185/19S 12/1/94 1/19/95 23 All 49 22215 51 2004.5 4.1
5 18 22233 438 2003.8 25
6 18 22208 4.0 2008.0 31
20 13 2220.0 6.4 2001.4 38
19N 1/24/95 3/6/95 23 All 138 2216.2 33 2000.1 35 7.891 0.005
5 68 2215.0 33 1999.1 33 7.892 0.004
6 65 22175 33 2001.3 33 7.891 0.005
20 5 22142 31 1996.5 35 7.895 0.007
I8BN/ISE  3/10/95 4/16/95 23 All 80 22116 49 1997.0 3.0 7.890 0.006
5 36 22130 55 1998.6 38 7.890 0.005
6 44 22101 36 1996.2 26 7.890 0.007
13 4/20/95 6/7/95 23 All 65 22154 14 2002.1 14 7.894 0.005
2 33 22157 13 2000.7 14 7.898 0.006
13 35 22150 14 2003.6 13 7.890 0.004
26 All 30 21780 12 1984.8 12 7.858 0.004
2 14 21783 1.3 1983.3 12 7.862 0.003
13 16 21777 12 1986.0 11 7.855 0.004
ISwW/14 6/11/95 7/11/95 26 All 79 21826 38 1990.2 34
2 41 21833 39 1988.0 24
13 38 21820 35 1992.9 23
I7N 7/15/95 8/24/95 26 All 59 2184.0 57 19847 34 7862 0.009
2 33 2186.2 31 1984.3 2.6 7.862 0.009
13 26 21815 7.4 1985.2 4.0 7.858 0.006
27 All 8 22215 31 1995.5 14 7.916 0.005
2 4 22214 24 1994.9 14 7.914 0.005
13 4 22215 41 1996.0 15 7.918 0.006
23 All 10 22224 7.4 2002.0 4.0 7.896 0.006
2 5 22275 58 2003.2 4.1 7.897 0.005
13 5 22162 6.4 1999.9 39 7.893 0.009
11 8/29/95 10/18/95 27 All 244 22194 39 1998.8 54 7.906 0.013
2 123 2220.1 3.2 1995.3 32 7.911 0.005
7 54  2219.6 36 1999.7 41 7.908 0.013
13 15 2216.2 4.7 1994.6 4.5 7.909 0.005
14 52 22179 45 2006.5 3.6 7.885 0.009
110 11/6/95 11/24/95 27 All 62 22129 4.0 1991.3 29 7.912 0.006
11 30 22123 45 1989.6 24 7.914 0.005
16 32 22135 35 1993.1 20 7.910 0.006
18R 9/23/95 10/24/95 29 All 36 2184.2 18 1914.8 24 8.006 0.006
NOAA Cruise 4 9 21855 17 1914.5 19 8.006 0.005
17 17  2183.9 16 1914.4 22 8.007 0.005
18 10 21834 21 1915.7 31 8.004 0.009
24 All 10 2216.6 23 1998.7 17 7.902 0.006
4 2 22185 38 1998.6 39 7.907 0.004
17 5 22151 0.6 1998.5 14 7.902 0.006
18 3 22173 2.6 1998.6 17 7.899 0.006
12 11/28/95 1/19/9%6 27 All 67 22194 45 1994.0 28 7.916 0.005
11 36 22199 57 1993.1 33 7.918 0.005
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Table 2 (continued)

Cruise Startdate Enddate Batch  Cell N TA average S.D. TCO, average SD. pHaverage SD.
16 31 22189 32 1994.7 22 7.915 0.006

30 All 9 22046 27 1996.8 21 7.879 0.004

11 4 22053 23 1995.0 22 7.880 0.002

16 5 22040 3.0 1998.4 0.8 7.879 0.006

use of different Dosimats. These corrections were
also made when calculating the volume of each cell.

2.2. Evaluation of the carbonate parameters

A FORTRAN computer program has been devel-
oped to calculate the carbonate parameters (pH, E =,
TA, TCO,, and pK,) in the seawater solutions. The
program is patterned after those developed by Dick-
son (1981), Johansson and Wedborg (1982) and
Dickson ( *; DOE, 1994). The fitting is performed
using the STEPIT routine (J.P. Chandler, Oklahoma
State University, Stillwater, OK 74074). The STEPIT
software package minimizes the sum of squares of
residuals by adjusting the parameters E =, TA, TCO,
and pK, of carbonic acid. The computer program is
based on Eq. (2) and assumes that nutrients such as
phosphate, silicate and ammonia are negligible. This
assumption is strictly valid only for surface waters.
Neglecting the concentration of nutrients in the sea-
water sample does not affect the accuracy of TA, but
must be considered when calculating the carbonate
akalinity (CA =[HCO;]+ 2 [CO3™]) from TA.

The pH and pK of the acids used in the program
are on the seawater scale, [H"],, ~[H"]+[HSO; ]
+ [HF] (Dickson, 1984). The dissociation constants
used in the program were taken from Dickson and
Millero (1987) for carbonic acid, from Dickson
(1990b) for boric acid, from Dickson and Riley
(1979) for HF, from Dickson (1990c) for HSO, and
from Millero (1995) for water. The program requires
as inputs the concentration of acid, volume of the
cell, salinity, temperature, measured emfs (E) and
volumes of HCI (V). To obtain areliable TA from a
full titration, at least 25 data points should be col-
lected (9 data points between pH 3.0 to 4.5). The
precision of the fit is less than 0.4 wmol kg~ ! when
pK, is alowed to vary and 1.5 umol kg~* when
pK, is fixed. Our titration program has been com-

pared to the titration programs used by others
(Johansson and Wedborg, 1982; Bradshaw and
Brewer, 1988) and the values of TA agree to within
+1 uwmol kg™ 2.

3. Results and discussion

3.1. Laboratory ta measurements of CRMs

The laboratory TA measurements made on the
CRMs used throughout this study are summarized in
Table 1. The results obtained by both laboratories
demonstrate that no systematic differencesin TA are
found. With the exception of Batch 29, the differ-
ences in the measurements of the CRMs between the
two laboratories are less that 2 wmol kg™ t. Since
the Miami measurements were made with the same
acid as used a sea, one cannot attribute the differ-
ences in Batch 29 to differences in the concentration
of the acids (calibrated at SIO). The Miami measure-
ments were also made using the same acid for all the
batches of CRM within a one-week period to ensure
the internal consistency of its results. The measure-
ments made on the acid concentration in Miami and
SIO by a coulometric titration were in agreement to
+0.0001 M, which is equivalent to an error of +1
wmol kg™t in TA.

3.2. At sea measurements of TA, TCO,, and pH on
CRMs

3.2.1. Accuracy of at sea measurements

The tracts of the cruise made during the Indian
Ocean studies are shown in Fig. 1. A total of 962
titrations were made on six batches of the CRMs
during the cruises (Table 2). A summary of the
pH, TA and TCO, measurements made on CRMs
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Table 3
The overall precision of a sea TA, TCO,, and pH measurements
on the Certified Reference Material

Precision (1 o) Number of
Parameters (wmol kg™1) measurements
TA 4.2 949
TCO, 41 947
pH 0.007 7932

#The numbers of the pH measurements were less than for TA and
TCO, because some values were not recorded.

(Table 3) throughout the cruise is shown in Figs.
2—4. The reproducibility on the six batches of the
CRMs used was +0.007 in pH, +4.2 umol kg™t in
TA, and +4.1 umol kg~* in TCO,. The at sea TA
measurements on the CRMs were in good agreement
(~2-4 umol kg~ 1!) with laboratory measurements
made on the same batches at MIAMI and SIO. These
small differences(~ 2—4 umol kg™*) are well within
the overall precision of our measurements and can be
attributed to uncertainties in the volume of cells
assigned in the laboratory before the cruises. How-
ever, the cells used on 17 gave significantly greater

errors than the values obtained in the laboratories on
the same batch of CRM. These large discrepancies
might be attributed to inaccurately assigned volumes
of the cells after they were repaired for leakage due
to repositioning of a reference electrode after chang-
ing the inner filling solution.

3.2.2. Long term stability of a cell performance

The at sea TA measurements on the CRMs can be
used to examine the long-term stability of the cells
used during the cruises. Overal, the TA results
obtained using cells for a given cruise did not show
any systematic trends. Differences in TA between
laboratory and field measurements remained un-
changed over the entire period of each cruise. How-
ever, inter-cruise variations in TA between labora-
tory and field results were observed when the same
cells were used. For instance, cells 2 and 13 were
used for four consecutive cruises over the period of
six months. When these two cells were used on the
first cruise (13), the field measurements agreed to
within +2 wmol kg™t with the values obtained in

Indian Ocean CRM Results

0.03 - T
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0.02 |
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Fig. 2. The reproducibility of the titration pH measurements made on Certified Reference Material on the Indian Ocean Study.
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Indian Ocean CRM Results
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Fig. 3. The reproducibility of the titration TCO, measurements made on Certified Reference Material on the Indian Ocean Study.

the laboratory. These small discrepancies are within in TA between laboratory and field measurements
the precision of our measurements. When the same became significantly larger (9 wmol kg™!). As men-
cells were used for the later cruises, the differences tioned in Section 3.2.1, these larger differences can

Indian Ocean CRM Results
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Fig. 4. The reproducibility of the titration TA measurements made on Certified Reference Material on the Indian Ocean Study.
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Table 4
Differences between TA measurements made at sea and values measured in the laboratory (SIO)
Cell 18S/19S 19N 18N /15E 13 I5SW /14 17N 11 18R 110 12
2 +2.62 +6.7 +9.92 +5.2
4 0.7
5 +10.6 +23 +0.3
6 +81 +4.8 —-26
7 +4.7
11 —-26 +4.8?2
13 +212 +6.0 +4.92 +13
14 +30
16 -14 +3.78
17 -09
18 -14
20 +7.3 +15

#Based on the weighted average on different CRM.

be attributed to changes in the assigned volume of
the cells due to repositioning of a reference elec-
trode. These inter-cruise variations in TA can be
corrected by normalizing the measured values ob-
tained during the cruises using the corrections re-
quired to reproduce the values assigned for the CRMs
by SIO (Table 4). This correction was applied using

A = TA(meas,CRM) — CRM) (4)
TA(corr.) = TA(meas.) X [CRM /(CRM + A)]

(5)
where CRM is the SIO-certified values.

3.3. Crossover analysis

In order to cross-check our estimates of accuracy
of the TA data, which are derived from analyses of
CRMs, we examined the agreement between TA
measurements made at identical locations on differ-
ent legs of the Indian Ocean expedition. All of these
comparisons have been made after applying the cor-
rections given in Table 4. The implicit assumption is
that temporal and spatial gradients of TA concentra-
tions in the deep ocean are small relative to measure-
ment accuracy, so that water sampled at the same
location in the deep ocean at two different times
should have near-identical values of TA. In practice,
vertical gradients of TA can be significant relative to
measurement accuracy and there can aso be signifi-
cant vertica motions in the deep ocean. Hence,

measurements made at the same geographical loca-
tion cannot be compared simply on the basis of their
common depth. Because most motion in the ocean
interior takes place along surfaces of constant den-

Table 5
Crossover results for the TA measurements made in the Indian
Ocean

Number  Stations Legs ATA

1 927,929,931,  11-17N 1.7+10
780,782,784

2 987,990,266,  11-19N —-21459
268,270

3 996,998, 11-19Nb 12408
233,235

4 1205,728, 12-17N 56+24
730

5 1137,1139, 12-19N /I15E 34422
320,324

6 1094,1096, 12-19N —-34+14
191,193

7 1078,1075 12-110 18+24

8 705,547,549 15W /14-13 0.7+1.7

9 498,499,501,  13-18N/I5E -08+23
346,348

10 472,169 13-19N —-0.8+06

11 1039,452,454  110-13 -1.0+0.7

12 404,406,408, I8N /I5E-I8S/19S —2.7+38
911,13

13 861,808 11-17N 0.3+0.6

14 709,707 I7N-15W /14 24+17

15 966,968,969,  11-18N /I5E —424+45
283,287
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Fig. 5. Summary of the TA reproducibility for crossover points in the Indian Ocean.

sity (isopycnals), it is preferable to compare concen-
trations using density as the frame of reference rather
than depth.

Our crossover analyses were performed as fol-
lows.

(1) Locations at which different cruise legs inter-
sected were identified as crossover points. These are
identified in Table 5 and Fig. 1.

(2) Stations located in the immediate proximity of
these crossover points, for which TA data existed,
were selected for the comparison. In general, stations
located within 100 km of the crossover location were
selected.

(3) For water samples collected below 2500 m,
smooth curves were fit through the TA data as a
function of the density anomaly referenced to 3000
db (sigma-3) using Cleveland’s loess or smoother
local regression (Cleveland and Devlin, 1988; Cleve-
land and Grosse, 1991; Chambers and Hastie, 1991).
A separate fit was performed to the data collected
from each of the two intersecting legs. The tension
parameter for the smoother was adjusted subjectively
to give a ‘reasonable’ fit to the data at the magjority
of the crossover locations, and the same value for the
tension parameter was used for all of the crossovers.

Hence, while the fits to the data may not necessarily
represent the best possible at each individual
crossover point, the smoothing function has been

Crossover 8
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Fig. 6. Results for a typical crossover comparison (13-15W /14) in
the Indian Ocean.
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applied consistently. It is important to note that the
comparison of the data at the crossover points does
not depend on the fitting algorithm within the experi-
mental error.

(4) For each crossover, the difference between the
two smooth curves was evaluated at 50 evenly spaced
intervals that covered the density range over which
the two data sets overlapped. A mean and a standard
deviation of the difference between the two curves
was estimated based on these 50 values, and these
values are reported in Table 5 and shown in Fig. 5.
An example of the crossover for cruises I3-I15W /14
is shown in Fig. 6.

The results of the crossover analysis indicate that
absolute leg-to-leg differences are aways < 6 pwmol
kg~!. Note that the comparisons were evaluated
consistently such that the fit to data from the earlier
leg at each crossover was subtracted from the fit to
the later leg's data. Any uncorrected, long-term,
monotonic drift in the calibration of the titrators over
the course of the Indian Ocean expedition would
therefore tend to result in a non-zero value for the
overall mean of these differences. The overall mean
and standard deviation of the differences at al the
crossovers are 2.1 + 2.1 wmol kg™ !. In genera, the
results of the crossover analysis are quite consistent
with the overall reproducibility of the CRM analyses
(+4 wmol kg™ 1) over the duration of the entire
Survey.

4, Conclusion

At-sea total akalinity measurements on the sev-
eral CRM batches demonstrated that the measure-
ments made by various investigators were precise to
about +4 wmol kg~?. This level of the precision of
at sea measurements was approximately two times
worse than that in the laboratory. Differences in the
precision between different investigators suggest that
the performance of TA measurements was dependent
upon the operators. The inter-cruise variations in
total alkalinity between laboratory and field results
clearly demonstrate that CRMs are an essential com-
ponent to monitor the performance of titration sys-
tems and increase the accuracy for tota alkalinity
measurements in the field.
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Anthropogenic CO, inventory of the Indian Ocean

C. L. Sabine,! R. M. Key,! K. M. Johnson,2 F. J. Millero,? A. Poisson,* J. L. Sarmiento,!
D. W. R. Wallace,>” and C. D. Winn%’

Abstract. This study presents basin-wide anthropogenic CO, inventory estimates for the Indian
Ocean based on measurements from the World Ocean Circulation Experiment/Joint Global Ocean
Flux Study global survey. These estimates employed slightly modified AC* and time series tech-
niques originally proposed by Gruber et al. [1996] and Wallace [1995], respectively. Together, the
two methods yield the total oceanic anthropogenic CO, and the carbon increase over the past 2 de-
cades. The highest concentrations and the deepest penetrations of anthropogenic carbon are associ-
ated with the Subtropical Convergence at around 30° to 40°S. With both techniques, the lowest
anthropogenic CO, column inventories are observed south of 50°S. The total anthropogenic CO, in-
ventory north of 35°S was 13.6+2 Pg C in 1995. The inventory increase since GEOSECS (Geochem-
ical Ocean Sections Program) was 4.1+1 Pg C for the same area. Approximately 6.7+1 Pg C are
stored in the Indian sector of the Southern Ocean, giving a total Indian Ocean inventory of 20.3 £3
Pg C for 1995. These estimates are compared to anthropogenic CO, inventories estimated by the
Princeton ocean biogeochemistry model. The model predicts an Indian Ocean sink north of 35°S that
is only 0.61-0.68 times the results presented here; while the Southern Ocean sink is nearly 2.6 times
higher than the measurement-based estimate. These results clearly identify areas in the models that
need further examination and provide a good baseline for future studies of the anthropogenic inven-

tory.
1. Introduction

The current Intergovernmental Panel on Climate Change
(IPCC) estimate for the oceanic sink of anthropogenic CO, (2.0
0.8 Pg C yr'l) is based primarily on ocean models [e.g.,
Sarmiento et al., 1992; Sarmiento and Sundquist, 1992; Siegentha-
ler and Sarmiento, 1993; Siegenthaler and Joos, 1992; Stocker et
al., 1994], atmospheric models [e.g., Keeling et al., 1989; Keeling
and Shertz, 1992] or on the oceanic distribution of related species
such as 813C [Quay et al., 1992]. Although the basic assumptions
used in these methods are reasonably well grounded, there will
always be room for doubt with indirect approaches. Direct esti-
mates of the oceanic CO, sink, however, have been primarily lim-
ited by a lack of high-quality data on a global scale.

Two general approaches can be used to estimate the uptake of
anthropogenic CO, by the oceans. One approach, initially pro-
posed by Tans et al. [1990], is to use direct measurements of the
air-sea difference in CO, partial pressure together with global
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winds and a gas exchange coefficient to estimate the net transfer of
CO, into the oceans. These estimates, together with an atmo-
spheric transport model, predicted that the oceanic sink was only
0.3t008PgC yr‘l, much smaller than the model predictions. The
difficulty with the ApCO, approach lies both in the large uncer-
tainty in the wind speed dependence of the air-sea gas exchange
velocity and in the ability to properly represent the large temporal
and spatial variability of the surface ocean pCO, because of a lack
of seasonal, global data coverage. This estimate has recently been
revised to 0.6 to 1.34 Pg C yr'l with the addition of more data and
a lateral advection-diffusion transport equation to help with the
necessary temporal and spatial interpolations [Takahashi et al.,
1997].

A second approach, which avoids many of the problems of
temporal variability, is to estimate the inventory of anthropogenic
CO, stored in the oceans interior based on inorganic carbon mea-
surements. Again, the problem with this approach in the past has
been a lack of high-quality global data coverage. As pointed out by
Broecker et al. [1979] after completion of the last global oceano-
graphic survey, GEOSECS (Geochemical Ocean Sections Pro-
gram), the precision of ocean carbon measurements at that time
was two orders of magnitude smaller than the predicted 0.035%
annual increase in surface ocean dissolved inorganic carbon.
Nearly 20 years have passed since GEOSECS, and the quality of
today’s carbon measurements has improved significantly.

This is the first of several papers aimed at estimating the
anthropogenic CO, inventory of the oceans based on the recent
global survey of CO, in the oceans. The survey was conducted as
part of the JGOFS (Joint Global Ocean Flux Study) in close coop-
eration with the WOCE-HP (World Ocean Circulation Experiment
- Hydrographic Programme). This program was a multiyear effort
to collect high-precision inorganic carbon data with the highest
possible spatial resolution on a global scale. This paper will focus
on anthropogenic CO, estimates for the Indian Ocean. Papers will
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soon follow with estimates for the other major ocean basins, with
the ultimate goal of generating an estimate of the global oceanic
anthropogenic CO, sink based on direct carbon system measure-
ments. The strength of these calculations lies not only in our ability
to directly estimate the magnitude of the oceanic anthropogenic
CO, sink but also in the fact that these estimates can be directly
compared to anthropogenic CO, inventories estimated by carbon-
cycle ocean general circulation models (GCMs). The two methods
described here provide information over different timescales. The
combined results place strong constraints on the uptake rate for
anthropogenic CO, and are useful for identifying weaknesses in
the models.

2. Methods

Estimates of the anthropogenic CO, inventory are determined
from measured values using two different techniques. The first
technique, referred to as the “time series” approach, is based on
quantifying the increase in total carbon dioxide (TCO,) since
GEOSECS. The second approach quantifies the total anthropo-
gemc CO, inventory using a quasi-conservative tracer, AC*.
Although the general idea for both techniques has been around for
a long time, recent improvements in the estimation of the pre-
served end-member concentrations together with significant
improvements in the accuracy and spatial coverage of global car-
bon data give us much more confidence in these results. Given the
difficulty of isolating the anthropogenic signal from the large
TCO, background, however, it is relevant to summarize the quality
of the carbon data set and the techniques used to estimate the
anthropogenic signal.

20°E
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2.1. Data Quality

Over 20,000 water samples collected between December 1994
and July 1996 as part of the U.S. WOCE Indian Ocean survey were
analyzed for both TCO, and total alkalinity (TA) using standard
coulometric and potentiometric techniques, respectively. Figure 1
shows the locations of the 1352 stations occupied by U.S. WOCE
as part of the Indian Ocean survey together with the station loca-
tions from the GEOSECS Indian Ocean Survey and the French
INDIGO I, 11, and III and CIVA1 (WOCE designation I6S) cruises
Details of the WOCE/JGOFS Indian Ocean CO, measurement
program, including personnel, sampling procedures, measurement
protocols and data quality assurance/quality control checks are
described elsewhere [Johnson et al., 1998; Millero et al., 1998a].
Calibrations of both the TCO, and TA systems were checked
approximately every 12 hours by analyzing Certified Reference
Material (CRM) samples with known concentrations of TCO, and
TA [Dickson, 1990] (A.G. Dickson, Oceanic carbon dioxide qual-
ity control at http://www-mpl.ucsd.edu/people/adickson/CO2_QC/
, 1998). On the basis of these CRM analyses the accuracy of the
TCO; and TA measurements was estimated to be +2 and £4 umol
kg'!, respectively. Primary hydrographic data from the conductiv-
ity-temperature-depth/Rosette were collected and analyzed follow-
ing standard procedures [Millard, 1982]. Samples were collected
for salinity on every bottle and analyzed with an Autosal salinome-
ter using standard techniques [UNESCO, 1981]. Oxygen samples
were analyzed with an automated system using 2 modified Winkler
technique [Culberson et al., 1991]. Nutrients were analyzed on a
four-channel Technicon AutoAnalyzer II following the methods of
Gordon et al. [1992]). Chlorofluorocarbon samples were analyzed

80 100  120°E

20

20 40 60 80 100 120

Figure 1. Station locations for WOCE Indian Ocean (circles), CIVA 1/I6S (crosses), INDIGO I (stars),
INDIGO II (inverted triangles), INDIGO III (triangles), and GEOSECS (solid squares) Indian Ocean Surveys.
Numbered boxes indicate location of crossovers discussed in the text. Map generated using Generic Mapping

Tools version 3 [Wessel and Smith, 1995].
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on a gas chromatograph using the techniques of Bullister and
Weiss [1988]. Complete details of the analytical protocols and per-
sonnel can be obtained from the individual cruise reports available
through the WOCE Office.

All of the data available at the time this manuscript was written
have been included in the Indian Ocean analysis. For the primary
hydrographic and nutrient data this means that the preliminary val-
ues available at the conclusion of the cruise were used. While we
would prefer to use the final hydrographic data, typical postcruise
corrections for the WOCE data sets are well below noise level for
these calculations. Preliminary to semifinal chlorofluorocarbon
(CFC) data were used to estimate the water age necessary for one
of the correction terms in the AC* method. Although postcruise
blank corrections can influence the final CFC concentrations, an
examination of the existing data (except ISNISE because data were

mot available at time of writing) indicated that the CFC-11 and
CFC-12 age comparisons as well as comparisons of the data from
one leg to the next were reasonably consistent with each other. The
calculations were limited to waters with CFC-12 ages of less than
40 years where potential blank corrections are a relatively small
fraction of the signal and mixing effects are minimized. The car-
bon data, which primarily influence the quality of the calculations,
have all been calibrated and finalized as discussed briefly below.

Examination of Figure 1 reveals that although the WOCE sur-
vey was extensive, a large data gap exists in the southwestern
Indian Ocean. To fill in this gap, data from the three French survey
legs INDIGO I (February-March 1985), I (April 1986) and III
(January-February 1987) as well as the more recent French cruise
CIVAl (February-March 1993 (WOCE designation 16S)) were
included in the analysis [Poisson et al., 1988; 1989; 1990]. TCO,
and TA were analyzed on the INDIGO cruises using standard
potentiometric titration techniques developed by Edmond [1970].
Potentiometric titrations were also used to analyze the TA samples
on CIVA1, but the TCO, samples were analyzed using the coulom-
etric techniques of Johnson et al. [1985]. The internal consistency
of these cruises was examined by comparing carbon values in the
deep waters (pressure > 2500 dbars) at the intersections of differ-
ent legs. The stations selected for each crossover were those with
carbon values which were closest to the intersection point. Smooth
curves were fit through the data from each cruise as a function of
sigma- 3 (density anomaly referenced to 3000 dbars) using Cleve-
land’s loess function [Cleveland and Devlin, 1988; Cleveland et
al., 1992]. The difference between the curves was evaluated at S0
evenly spaced intervals that covered the density range over which
the two data sets overlapped. The mean and standard deviation of
the difference in TA and TCO, at the 35 intersections identified in
Figure 1 are shown in Figure 2. The long-term stability of the
WOCE/IGOFS measurements can be estimated from the first 17
crossover results. The mean of the absolute values for the leg-to-
leg differences was less than the estimated accuracy for both TCO,
(1.8 30.8 pmol kg'!) and TA (2.4 1.6 pmol kg'!). Although there
is only one reliable crossover point between the WOCE/JGOFS
cruises and the CIVA1 (I6S) cruise, the differences for both param-
eters are within the estimated accuracy of the measurements.
Results from the analysis of CRM samples on the CIVAI1 cruise
also support the quality of the measurements. Some of the older
INDIGO cruises, however, did appear to have offsets relative to
the WOCE/JGOFS and CIVA1 data. INDIGO I and II alkalinity
values averaged 6.5 pmol kg'1 high and 6.8 pmol kg'1 low, respec-
tively, while the INDIGO III alkalinity values showed no clear off-
set. The INDIGO TCO, values were all consistently high relative

to WOCE/JGOFS and CIVAI, with differences of 10.7, 9.4, and
6.4 umol kg'l, respectively. These offsets are consistent with dif-
ferences observed between at-sea values and replicate samples run
at C.D. Keeling’s shore-based TCO, facility (P. Guenther, personal
communication, 1998). Since the INDIGO cruises were run prior
to the introduction of CRMs, these offsets were presumed to be
calibration differences, and each leg was adjusted to bring the val-
ues in line with the remaining cruises. The dotted boxes in Figure 2
show the original offsets at the crossovers. The solid boxes show
the final offsets used in the following calculations. The means of
the absolute values for the leg-to-leg differences for all 35 cross-
over analyses suggest that the final data set is internally consistent
to £ 2.2 and 3.0 pmol kg'1 for TCO, and TA, respectively.

2.2. “Time Series” Calculations

The “time series” method for estimating the increase in the
anthropogenic inventory uses measurements of TCO, made at a
certain point in time to develop a predictive equation based on a
multiple linear regression of the observed TCO, and simulta-
neously measured parameters such as temperature, salinity, oxy-
gen, and TA (or silicate). These empirical multiparameter
relationships have been shown to hold over large spatial scales,
and their use drastically reduces the complicating effects of natural
variability in determining temporal trends [Brewer et al., 1995;
Wallace, 1995; Brewer et al., 1997]. The TCO, residuals from
such predictive equations can be compared directly with patterns
of residuals evaluated using the same predictive equation with TA,
oxygen, and hydrographic data collected at different times (e.g.,
over decadal intervals). Since the uptake of anthropogenic CO,
will increase the TCO, of the waters but will not directly affect the
concentrations of the fit parameters, systematic changes in the
magnitude and distribution of the TCO, residuals over time pro-
vide a direct estimate of the oceanic CO, inventory change due to
the uptake of anthropogenic CO,. The most comprehensive histor-
ical carbon data set for the Indian Ocean is from the GEOSECS
expedition. By examining the WOCE data relative to that collected
during the 1977-1978 GEOSECS Indian Ocean Survey, the
increase in anthropogenic inventory over the last 18 years can be
estimated.

2.2.1. GEOSECS fit. All of the GEOSECS data from the
Indian Ocean (excluding Gulf of Aden and Red Sea regions) were
fit with a single predictive equation as a function of potential tem-
perature (0), salinity (S), apparent oxygen utilization (AOU), and
TA. To minimize the influence of short-term temporal variability,
only data from pressures greater than 200 dbars were included in
the fit. Despite the large area covered, the GEOSECS TCO, values
can be predicted from this equation to = 5.2 pmol kg™! (R? = 0.992
and N = 1120). There is, however, a pattern in the residuals that
correlates with observed hydrographic regions in the Indian Ocean
(Figure 3).

In an attempt to improve the fit, a categorical variable based on
region was added to the regression. The categorical variable differs
from the other continuous variables by the fact that it is either
applied or not applied depending on whether the sample is located
within the region. The regions were defined as follows: 1, Arabian
Sea (north of 10°N and west of 78°E); 2, North of 10°S (excluding
Arabian Sea); 3, Chemical Front (21°S to 10°S); 4, Central Gyre
(35°S to 21°S); and 5, Southern Ocean (south of 35°S)

The addition of the regional variable resulted in a marginal
improvement in the fit (R® =0.993 and ¢ = 49 pmol kg'l) but
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Figure 2. Mean difference between deep water values of (a) TA and (b) TCO, for cruise intersections identi-
fied in Figure 1. Bars indicate one standard deviation. Dotted boxes indicate difference before adjustment (see

explanation in text).

more importantly, removed the regional bias in the predictive
equation. The coefficients of the final fit are shown in Figure 4
along with a plot of the measured versus calculated TCO, values
for all of the points used in the fit. The resulting equation was then
used to generate TCO, values for each of the WOCE sample loca-
tions based on the measured temperature, salinity, oxygen, and TA

values. The difference between the measured TCO, and the pre-
dicted TCO, reflects the CO, increase in the time between the two
cruises. For this work the difference is referred to as “excess CO,.”

The residual method of estimating excess CO, was applied to
the water column below 200 dbars. The surface waters, however,
are dominated by seasonal variability which can bias the residual
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Figure 3. Box and whiskers plot of residuals from a multiple linear regression of GEOSECS Indian Ocean
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7.7S - 6.680 + 0.513TA + 0.7257A0U. Solid boxes cover the range of + 1 standard deviation about the mean.
White lines within the boxes indicate median values. The whiskers indicate the range of data within the 99%
confidence interval. The bars outside the whiskers give the values of outliers in the data set.
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TCO,= f(Salinity, Theta, Alkalinity, AOU, Region)
Region = Categorical variable
R2 = 0.993; Sigma = 4.9 umol/kg
o
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o Coefficients
Q Value Std. Error Tvalue Pr(>ITl)
o (Intercept) 903.7836 41.1189 21.9797 0.0000
Salinity 3.7812  1.4361 2.6330 0.0086
Theta -6.8126 0.1313 -51.8972 0.0000
Alkalinity 0.4893 0.0109 44.7334 0.0000
AOU 0.7083 0.0040 177.0979 0.0000
Arabian Sea -3.1427 0.3634 -8.6484 0.0000
S North of 10°S  -2.3405 0.1917 -12.2104 0.0000
by ] Chemical Front -0.7328 0.1496 -4.8988 0.0000
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Figure 4. Plot of measured GEOSECS TCO, versus the calculated values. Solid line shows 1:1 relationship.

The dashed lines indicate the 99% confidence interval for the fit. Text gives coefficients and related statistics.
The column labeled “Pr(>ITl)” gives the probability that the T value in the previous column is larger than the T
table value in a student T test.
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calculations. The excess CO, of the surface waters therefore was
determined from the difference in the estimated annual mean
TCO, concentrations between GEOSECS and WOCE. The annual
mean TCO, concentration was calculated from TA and surface
water fCO,. The surface alkalinity was estimated from the gridded
annual mean salinity and temperature values of Levitus et al.
[1994] and Levitus and Boyer [1994] using a multiple linear fit of
the WOCE/IGOFS surface (pressure < 60 dbars) TA data to the
measured surface temperature and salinity. The 1978 and 1995 sur-
face water fCO, concentrations were estimated from the annual
mean atmospheric concentration for the 2 years, and the annual
mean ApCO, values estimated from the full correction scheme of
Takahashi et al. [1997]. The excess TCO, values between the sur-
face and 200 dbars were estimated with a linear approximation
between the surface and 200 dbars values for each 1° grid box.

2.2.2. Data consistency. One of the major concerns with the
time series technique is the necessity of having two data sets that
are consistent with each other. This consistency can be well docu-
mented for both TCO, and TA today through the use of certified
reference materials (CRMs) supplied by A. Dickson of Scripps
Institute of Oceanography (SIO). Since CRMs were not available
at the time of GEOSECS, the only way to infer consistency with
the WOCE data set is to assume the deep water carbon distribu-
tions have not changed since GEOSECS. The most reliable way to
compare the two data sets is to examine the difference between the
predicted TCO, and the measured TCO, (excess CO,) in deep
waters. The basic assumption with this technique is that the corre-
lation between the different hydrographic parameters in the deep
waters does not change with time. Given the long residence time of
the deep and bottom waters in the ocean, this should be a reason-
able assumption. This technique has the advantage that it implic-
itly accounts for the possibility of real variability in hydrographic
properties between the two expeditions which would not be taken
into account by simply comparing carbon profiles.

Examination of the excess CO, values in waters that should be
free of anthropogenic CO, (pressures > 2000 dbars and containing
no detectable chlorofluorocarbons) revealed that the GEOSECS
values were 22.5 +3 umol kg! higher than the comparable WOCE
measurements. This difference is comparable to the correction of -
18 = 7 umol kg™! noted by Weiss et al. [1983] to make the TCO,
measurements consistent with the TA and discrete CO, partial
pressure measurements based on the Merbach et al. [1973] disso-
ciation constants. Additional support for an adjustment of the orig-
inal GEOSECS data comes from C. D. Keeling’s shore-based
analysis of TCO, samples collected on both the GEOSECS and the
WOCE/IGOFS expeditions. Weiss et al. [1983] point out that the
shore-based analyses of Keeling were systematically smaller than
the at-sea measurements by 16.5 £ 5 umol kg™! during GEOSECS.
Similar comparisons between the WOCE/JGOFS at-sea measure-
ments with Keeling’s shore-based analyses indicate that the shore-
based samples are approximately 5 pmol kg" higher than the at-
sea values (P. Guenther, personal communication, 1998). Together,
the GEOSECS-Keeling-WOCE/JIGOFS combination suggests an
offset of 21.5 umol kg! between GEOSECS and WOCE/JGOFS
at-sea measurements. It is also important to note that there is no
indication of a depth or concentration dependent correction for the
GEOSECS data. The shore-based comparison, based only on sam-
ples collected at the surface, is within 1 pmol kg'1 of the deep
comparison described above. On the basis of these results a con-
stant correction of the -22.5 pmol kg'1 was applied to the GEO-

SECS TCO, values to improve the consistency of the two data
sets.

Ideally, the data used in the time series calculations would
cover the same geographic region with as much of a time differ-
ence as possible. The trade-off, however, is that the quality and
spatial coverage of the older data sets is generally very limited.
Given the relatively small area of overlap between the WOCE/
JGOFS and INDIGO data sets and the shorter time difference
between cruises (9 years versus 18 years for WOCE - GEOSECS),
the time series analysis was limited to a comparison between
WOCE/JGOFS and GEOSECS in the main Indian Ocean basin.

2.2.3. Evaluation of Errors. An estimate of the random
errors associated with the excess CO, calculation can be made
with a simple propagation of errors based on the fit to the GEO-
SECS data and the estimated precision of the WOCE/JGOFS data.
With a standard deviation of 4.9 pmol kg'1 for the GEOSECS fit
and an estimated long-term precision of +2 pmol kg'1 in the
WOCE/IGOFS TCO, values the excess CO, error is estimated to
be approximately 5 pmol kg'l. This value compares well with the
standard deviation of 3.5 pmol kg'1 for the excess CO, below the
maximum anthropogenic CO, penetration depth (pressure > 1500
dbars).

Systematic errors with this technique are very difficult to evalu-
ate. The largest potential systematic error is probably associated
with the surface water estimates. Because the same ApCO, value is
used to estimate the TCO, for both years, the excess CO, (1995
TCO, - 1978 TCO,) is not very sensitive to potential errors associ-
ated with the actual ApCO, values used. The surface estimate is
sensitive, however, to the assumption that the ApCO, has not
changed over time (i.e., that the surface ocean increase has kept
pace with the atmospheric increase). It is not likely that the surface
ocean has increased at a faster rate than the atmosphere, but it is
conceivable that the rate is slower. The current assumption results
in a total inventory of 0.8 Pg C in the surface layer. If the surface
ocean were increasing at half the rate of the atmosphere, the sys-
tematic bias in the final inventory would be around 0.4 Pg C.
Below the surface layer the most likely systematic error would
result from the uncertainty in fitting the GEOSECS data. System-
atic errors associated with calibration differences between cruises
are potentially quite large, but the analysis and subsequent correc-
tion given in section 2.2.2 should remove these biases. The esti-
mated uncertainty for the GEOSECS adjustment was 3 pumol kg
L If this value is integrated for the area north of 35°S between 200
m and the average penetration depth of the excess CO, (~ 800 m),
the potential error would be £0.9 Pg C. Propagating the errors for
the surface and deeper layers gives an estimated error of approxi-
mately 21 Pg C in the total excess CO, inventory. Clearly, there
are other ways of estimating the potential errors in these calcula-
tions, but we feel that this is a reasonable estimate based on the
available data.

2.3. AC* Calculations

Gruber et al. [1996] developed a method to estimate the total
anthropogenic CO, inventory which has accumulated in the water
column since preindustrial times. Although the details of the calcu-
lation are thoroughly discussed by Gruber et al., the basic concept
of the calculation can be expressed in terms of the following equa-
tion:

1
Canth(%) = Cpu = ACy;o~ Cago — ACy;s M)
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where

C.nn  anthropogenic carbon concentration;
C, measured total carbon concentration;
AC;, change in TCO, as a result of biological activity;
Caygp TCO; of waters in equilibrium with an atmospheric CO,
concentration of 280 patm;
air-sea difference in CO, concentration expressed in ptmol

kg'! of TCO,.

AC g6

The Gruber et al. technique employs a new quasi-conservative
tracer AC*, which is defined as the difference between the mea-
sured TCO, concentration, corrected for biology, and the concen-
tration these waters would have at the surface in equilibrium with a
preindustrial atmosphere (i.e., AC* = C;, - ACy;o - Cgp)- Rear-
ranging (1) shows that AC* reflects both the anthropogenic signal
and the air-sea CO, difference (i.e., AC* = C,y, + ACy;). The air-
sea disequilibrium component can then be discriminated from the
anthropogenic signal using either information about the water age
(e.g., from transient tracers such as CFCs or 3H-3He) or the distri-
bution of AC* in regions not affected by the anthropogenic tran-
sient. The details of this technique will not be covered here except
as necessary to explain small modifications that were necessary for
use with the WOCE Indian Ocean data set.

2.3.1. Preformed alkalinity equation. The first modification
to the Gruber et al. [1996] technique involved a recalculation of
the preformed alkalinity equation. The preformed alkalinity (AIk®)
of a subsurface water parcel is an estimate of the alkalinity that the
water had when it was last at the surface. This value is necessary to
determine the equilibrium concentration (C,g) of the waters. Gru-
ber et al. generated a single global equation for estimating Alk®
from salinity and the conservative tracer “PO” (PO = O,+170*P)
[Broecker, 1974] based on the data collected during GEOSECS,
South Atlantic Ventilation Experiment, Transient Tracers in the
Ocean/North Atlantic Study and Transient Tracers in the Ocean/
Tropical Atlantic Study. Given the limited representation of the
Indian Ocean in these data and the improved quality of today’s
measurements, the Gruber et al. fit was examined for a possible
bias with respect to the WOCE/JGOFS results. AIK? values calcu-
lated from the Gruber et al. equation were found to be, on average,
7 £12 pumol kg™! lower than the WOCE/JGOFS measured surface
alkalinity values. Rather than making assumptions about which
parameters would provide the best fit to the surface alkalinity data,
several possible parameters were tested based on previously noted
correlations. Although salinity has been shown to generally corre-
late very strongly with surface alkalinity [Brewer et al., 1986; Mil-
lero et al., 1998b], some areas, such as the high-latitude regions,
require additional parameters to fit regional changes in alkalinity.
Some investigators have used temperature as an additional variable
[e.g., Chen and Pytkowicz, 1979; Chen, 1990; Millero et al.,
1998b]. Others, such as Gruber et al. [1996], have used other con-
servative tracers to compensate for the regional differences. The
best fit for the WOCE/JGOFS, INDIGO, and CIVA Indian Ocean
data, with pressures less than 60 dbars, is given by (2):

AIK® = 378.1 +55.22 x S +0.0716 x PO — 1.236 x6  (2)
AIK? has units of pmol kg'l when salinity (S) is on the practical sa-
linity scale, PO is in umol kg", and potential temperature (0) is in
degrees Celsius. The standard error in the new AIk? estimate is 8.0

Table 1. Results From ANOVA Analysis of Alk? Fit.

Coefficient Standard T Value Pr(>ITI)

Error
Intercept 378.1 8.9 42.2715 0.0000
Salinity 55.22 0.23 235.0369 0.0000
PO 0.0716 0.0041 17.4693 0.0000
Theta -1.236 0.061 -20.3697 0.0000

The column labeled “Pr(>ITl)” gives the probability that the T value in
the previous column is larger than the T table value in a student T test, Alk°
is preformed alkalinity, an estimate of the alkalinity of a parcel of subsur-
face water when it was last at the surface.

pmol kg'l based on 2250 data points. A standard ANOVA analysis
of the fit shows that all four terms are highly significant (Table 1).

Reevaluating the Alk® equation not only removed the 7 pmol kg!
offset of Gruber’s equation but also resulted in a 35% reduction in
the uncertainty.

2.3.2. Denitrification Correction. A second modification to
the original AC* technique was necessary to properly account for
the anoxic regions in the northern Indian Ocean. The Cy;, term in
(1) assumes that the remineralization of carbon in the interior of
the ocean occurs in proportion to the oxygen uptake based on a
standard Redfield type stoichiometry. The ratios used for these cal-
culations were based on the global estimates of Anderson and
Sarmiento [1994). Gruber et al. [1996] demonstrated that the
errors in the AC* calculation due to uncertainties in the C:O sto-
ichiometric ratio only become significant for AQU values greater
than 80 pmol kg'!. Given that most of the anthropogenic CO, is
found in relatively shallow waters with low AOU, this error, on
average, is small. For some regions of the Arabian Sea, however,
oxygen depletion can be quite extensive at relatively shallow
depths [Sen Gupta et al., 1976; Deuser et al., 1978; Nagvi and Sen
Gupta, 1985]. In areas where the waters become anoxic, denitrifi-
cation can significantly alter the dissolved carbon to oxygen ratio
[Naqvi and Sen Gupta, 1985; Anderson and Dyrssen, 1994; Gru-
ber and Sarmiento, 1997]. The dissolved carbon generated by den-
itrification shows up as high AC* values as demonstrated at the
northern end of the section in Figure 5a. The distribution of AC*
values along the density surface 0¢=26.9-27.0 shows maximum
values at both the northern and southern ends of the section. One
would expect the uptake of anthropogenic CO, to generate the
highest values close to the outcrop region in the south, but this sur-
face does not outcrop in the north. Following the methods of Gru-
ber and Sarmiento [1997], the denitrification signal can be
estimated using the N* tracer. N* is a quasi-conservative tracer
which can be used to identify nitrogen (N) excess or deficits rela-
tive to phosphorus (P). Using the global equation of Gruber and
Sarmiento [1997], N* is defined as

N*(“klg‘") = 0.87(N - 16P + 2.90) 3)

Figure 5b shows the magnitude of the denitrification signal along
the 6g=26.9-27.0 surface. The N* values were converted from ni-
trogen units to pmol C kg'1 based on a denitrification carbon to ni-
trogen ratio of 106:-104 [Gruber and Sarmiento, 1997]. Negative
values reflect nitrogen fixation, while positive values indicate den-
itrification. As expected, the values of N* are essentially zero in the
main Indian Ocean basin but show a strong denitrification signal at
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middepths in the Arabian Sea. The low N* values at the north end
of this surface (Figure 5b) are from the Bay of Bengal and show lit-
tle or no denitrification in this region. Subtracting a denitrification
correction term from the original AC* equation lowers the high
AC* values at the northern end of the section leaving the expected
maximum near the outcrop region (Figure 5c).

The final definition for AC* as used in this work is given by
@ AC* = Tcogmeas)_Tcoas, T, Al 280)

_uz
(02~ 0F%)
—(TA - AIK® + 160, - Of2v))
k
~ZoaN @

where TCO,39), TA, and O, are the measured concentrations for
a given water sample in pmol kg'1 AlKC is the preformed alkalinity
value as described in section 2.3.1. 02(5’“) is the calculated oxygen
saturation value that the waters would have if they were adiabatical-
ly raised to the surface. TCOSS: T-AIk", 280) g the TCO, value the
waters would have at the surface with a TA value equal to Alk® and
an fCO, value of 280 patm.

2.3.3. Estimation of air-sea disequilibrium. To isolate the
anthropogenic CO, component from AC*, the air-sea disequilib-
rium values (ACg4;) must be determined. Gruber et al. [1996]
described two techniques for estimating these values on density
surfaces. For deeper density surfaces one can assume that the
waters far away from the outcrop region are free from anthropo-
genic CO,. The mean AC* values in these regions therefore reflect
only the disequilibrium value. For shallower surfaces the air-sea
disequilibrium can be inferred from the AC*, tracer.

AC*, is the difference between C* and the concentration the
waters would have in equilibrium with the atmosphere at the time
they were last at the surface. The time since the waters were in
contact with the surface is estimated from CFC-12 age (1) and the
atmospheric CO, concentration history as a function of time
(fCO,{tsample-T}). The atmospheric CO, time history from 1750
through 1996 was determined from a spline fit to ice core and mea-
sured atmospheric values [Neftel et al., 1994; Keeling and Whorf,
1996]. The CFC-12-based ages were determined following the
technique described by Warner et al. [1996]. The apparent age of
the water is determined by matching the CFC-12 partial pressure
(pCFC-12) of the waters with the atmospheric CFC-12 concentra-
tion history (procedures and atmospheric time history provided by
J. Bullister). Although CFCs do not give a perfect representation of
the true calendar age of the waters, Doney et al. [1997] have shown
that the CFC-12 and 3H-*He ages in the North Atlantic agree
within 1.7 years for ages less than 30 years. Gruber [1998] suc-
cessfully used both CFC and 3H-3He ages for his disequilibrium
calculations in the Atlantic and has thoroughly discussed the
assumptions and caveats associated with these techniques. The dis-
equilibrium values on shallow density surfaces presented here
were calculated using CFC-12 ages modified from the AC*; equa-
tion of Gruber [1998] to include the denitrification correction:

AC*: = TCOﬁmeas)—TCO(S’ T, Alko,fCOZ{tsmp,e_r}) )

111770(0 O%sat))

—-(TA—-Alk + 170(02 0fsany)

—104N

where TCOSST- A SCOtuampe =) g the TCO, the waters
would have at the surface with a TA value of Alk® and an fCO, val-
ue in equilibrium with the atmospheric CO, concentration at the
time the waters were last at the surface (date of sample collection
minus CFC age).

The CFC age method was used for waters with densities less
than 6g = 27.25 and CFC-12 ages less than 40 years. The anthro-
pogenic CO, of the waters with pressures less than 150 dbars or
densities less than 6g = 25.95 was determined by subtracting the
AC*, value estimated at each sample location from the correspond-
ing AC* value. Given that the Indian Ocean does not extend into
the high northern latitudes, the major outcrop region for Indian
Ocean waters below the mixed layer is toward the south. Although
other tracers might be used to identify multiple end-members, the
CFC-12 ages on each density surface get steadily older toward the
north, and the AC*; values are reasonably constant (see diamonds
in Figure 6). This suggests that most of the water in the Indian
Ocean is derived from the south or, at least in terms of the air-sea
disequilibria, cannot be distinguished from other sources. The
ACy;s term for the main Indian Ocean basin therefore was deter-
mined from a mean AC*; value on each surface. The mean ACy;
terms were then subtracted from the individual AC* values to
determine the anthropogenic component. Table 2 summarizes the
ACy;s values for the density surfaces estimated exclusively from
the AC*; method.

One major exception to the southern source waters is observed
in the Arabian Sea. Although none of the surfaces with og values
greater than 26.0 outcrop in the Arabian Sea, a number of higher-
density surfaces do outcrop in the Red Sea and Persian Gulf. These
outcrops could provide pathways for the introduction of CFCs and
anthropogenic CO, into the northern Arabian Sea and could reset
the disequilibria term. Wyrtki [1973] noted that the Red Sea and
Persian Gulf waters mix in the Arabian Sea to form the high-salin-
ity North Indian Intermediate Water (NITW). The AC*; values in
the Arabian Sea do vary significantly and generally have a strong
correlation with salinity. The CFC-12 ages also begin to get
younger toward the northern end of the Arabian Sea. These high-
salinity waters appear to have a higher disequilibria term than the
lower-salinity waters that make up the majority of the Indian
Ocean intermediate waters.

To account for this phenomenon, the Arabian Sea waters (north
of 5°N and west of 78°E) were isolated, and the AC*, values were
fit against salinity with a linear regression. Thus this region was
treated as a two-end-member mixing scenario between the high-
salinity NIIW and the lower-salinity waters of the main Indian
Ocean basin. The ACy;; values in this region were determined
based on the relative contributions of the two end-members using
salinity as a conservative tracer. The coefficients for the Arabian
Sea fits are given in Table 2. The difference between the high-
salinity and lower-salinity disequilibria generally decreased as
densities increased (note decreasing slope values in Table 2) to the
point where the Arabian Sea disequilibria values were no longer
distinguishable from the main Indian Ocean basin values. The
additional terms were dropped for surfaces where the two end-
member mixing terms resulted in values within the error of the
basin-wide mean (Table 2).

As stated previously, the disequilibria term for the deeper, CFC
free surfaces was determined directly from the mean AC* value of
each density interval. Careful examination of the extent of CFC
penetration along the density surface was used to limit data used in
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Figure 5. AC* values for data on the 26.9 - 27.0 og surface: (a) calculated without denitrification, (b) denitri-
fication signal put in terms of AC*, (c) with denitrification correction (i.e., data in Figure 5a minus the data in

Figure 5b).

determining the ACy;; term. Only regions where CFC concentra-
tions were below a reasonable blank (0.005 pmol kg'l) were con-
sidered. The ACy values determined using this method are
summarized in the lower half of Table 3 (g > 27.5).
Determination of the ACgy;, values for either shallow or deep
surfaces is relatively straightforward using the techniques men-
tioned above. It is not straightforward, however, to estimate the
ACy;s values for intermediate levels where the CFC ages are rela-
tively old and may be significantly influenced by mixing and yet
the waters could have enough anthropogenic CO, to influence the

estimates based on AC*. The effect of using the AC* technique in
waters that actually have anthropogenic CO, would be to overesti-
mate the ACy;; term and thus underestimate the anthropogenic
CO,. The effect of mixing on the CFC ages, however, generally
results in an underestimation of the CFC age which would lead to
an underestimation of the ACg;; term and an overestimation of the
anthropogenic CO,. The CFC age technique has additional prob-
lems in waters with Gg values greater than 27.25, because the
waters with the younger ages are all found in the very high lati-
tudes of the Southern Ocean and generally are not directly venti-
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Table 2. Values of ACy;; Determined on Potential Density (6g) Intervals

Potential Density Main Basin Main Basin Arabian Arabian Arabian
Range Mean (SDM) Number of Points Intercept (SD) Slope (SD) Number of Points
25.95-26.05 -13 (10.88) 56 -740 (192) 213 (13) 12
26.05-26.15 0.7 E1.21) 42 -745 (£130) 214 (14) 12
26.15-26.25 -3.4 (10.65) 63 -699 (176) 200 (+2) 1
26.25-26.35 4.8 (20.62) 61 -516 (£90) 14.8 (13) 12
26.35-26.45 -5.6 (+0.48) 83 -316 (184) 9.1(2) 20
26.45-26.55 1.1 (40.34) 103 -558 (187) 159 (+2) 21
26.55-26.65 72(0.32) 123 -512 (£53) 145 (1) 28
26.65-26.75 -89 (10.27) 152 -397 (£52) 1.2t 34
26.75-26.85 9.1 (10.23) 254 -428 (+66) 120 (2) 28
26.85-26.95 -11.2 (+0.31) 209 -285 (£115) 79 (3) 6
26.95-27.00 -12.2 (10.35) 104 - ) )
27.00-27.05 -13.8 (10.48) 92 - ) i
27.05-27.10 -15.2 (10.40) %0 - ) i
27.10-27.15 -16.3 (10.47) 84 - - )
27.15-27.20 -17.1 (0.51) 89 - } i
27.20-27.25 -19.5 (10.56) 74 - - '

Standard deviations (SD) are given for the slope and intercept terms for the Arabian Sea data. Standard deviation of the
mean (SDM, i.e., standard deviation weighted by the number of individual determinations) is given for each main basin esti-
mate. Values of ACy;; are given in pmol kgL Dashes indicate value not determined.

lated in these regions. Therefore the basic assumption that the  with the AC* technique decrease at higher density levels. To mini-
ACy;s term can be determined by following the density level to its ~ mize the errors in the final ACy;; determination, waters with oy
outcrop and examining the younger waters there is not valid. values between 27.25 and 27.5 were evaluated using a combina-

As a general rule, the errors associated with the CFC age tech-  tion of the two methods mentioned above. The 27.25 cut in the
nique increase at higher density levels, and the errors associated =~ CFC age technique was chosen because this density corresponds

Table 3. Values of ACg;; Determined on Potential Density (Gg) Intervals

Potential Density Mean AC* (SDM) Number of Points Mean AC* (SDM) Number of Points Final Mean

Range ACg;; (SDM)
27.25-27.30 2.3 (10.45) 42 -19.7 (£0.98) 22 8.3 (%1.13)
27.30-27.35 -4.0 (10.49) 45 21.0 (10.84) 19 9.1 (£1.06)
27.35-27.40 -5.3 (10.44) 72 22,5 (£1.25) 7 -6.8 (10.69)
27.40-2745 7.1 (10.26) 922 -23.5 (10.83) 10 8.7 (10.54)
27.45-27.50 -7.9 (10.30) 98 -25.0 (£1.65) 7 9.0 (20.51)
27.50-27.55 9.3 (10.28) 93 - - 9.3 (10.28)
27.55-27.60 -10.7 (10.28) 92 - - -10.7 (0.28)
27.60-27.65 -11.3 (10.34) 125 - - -11.3 (£0.34)
27.65-27.70 -13.0 (£0.36) 127 - - -13.0 (10.36)
21.70-21.75 -14.8 (10.30) 184 - - -14.8 (10.30)
27.75-27.80 -15.3 (0.24) 349 - - -15.3 (10.24)

>27.80 -18.6 (10.15) 629 - - -18.6 (10.15)

Standard deviation of the mean given in brackets (SDM,, i.e., standard deviation weighted by the number of individual
determinations). Values of ACy;; are given in pmol kg !, Dashes indicate value not determined.
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with the core of the Antarctic Intermediate water and also gener-
ally the highest-density water that outcrops in this region [Wyrtki,
1973; Levitus and Boyer, 1994; Levitus et al., 1994]. To help
ensure that the AC;; values were determined on waters moving
into the main Indian Ocean basin, mean AC¥*; values were only
estimated from samples north of 35°S with CFC-12 ages less than
40 years. Mean AC* values were also determined on the same den-
sity surfaces for samples where CFCs were measured, but concen-
trations were below 0.005 pmol kg'l. The final mean value used
for the ACy;; correction on each surface was determined from the
mean of the combined individual estimates from each method
(Table 3).

Examination of the individual and combined means in Table 3
indicates that there is a sizeable spread in the estimates from the
two techniques in the overlap region. This difference is maximized
since these density levels are pushing the limits of both techniques,
and the errors in both estimates serve to increase this difference.
Since the number of points available from the CFC age technique
generally decreased at greater density levels and the number of
points from the AC* technique generally increased at greater den-
sity levels, the mean becomes progressively more heavily
weighted toward the AC* technique as the density levels increased.
Although this is not the ideal solution, we believe that this mini-
mizes the potential errors as much as possible. The technique used
to estimate final AC gy values in this region could systematically
bias the anthropogenic CO, inventory estimates. The magnitude of
this potential error on the final inventory was estimated to be
approximately 1.8 Pg C by integrating the difference between the
two methods over the effected water volume. This estimate repre-
sents a maximum potential error since the known limitations of
each method work to increase the differences in ACy;q.

2.3.4. Time adjustment for INDIGO data. One difficulty
with combining data from different cruises for a time-dependent
calculation like the anthropogenic CO, inventory is the issue of
getting the data sets referenced to a common time. One of the
advantages of the WOCE/JGOFS Indian Ocean survey data is the
fact that all of the samples were collected in a little over a year’s
time. In terms of the CO, inventory this is essentially a synoptic
data set. The couple of years between the CIVA1 cruise and the
WOCE/JGOFS data are also not distinguishable in terms of the
anthropogenic increase. The INDIGO data, however, were col-
lected 8-10 years before the WOCE/JGOFS data set and must be
adjusted to reflect the anthropogenic uptake during that time.
Unfortunately, any correction of this sort can have large errors and
potentially bias the results. This problem must be weighed against
the errors of ignoring the time difference between cruises or omit-
ting these data entirely. The decision to correct the INDIGO data
was based on two factors. First, analysis of the change in anthropo-
genic inventory between GEOSECS and WOCE (discussed below)
indicated that a significant fraction of the total anthropogenic
uptake has occurred in the past 2 decades. Second, careful exami-
nation of objective maps of anthropogenic CO, made prior to the
INDIGO correction showed obvious, anomalously low concentra-
tions in the regions strongly dependent on the INDIGO data. Two
different adjustment functions were made depending on whether
the stations were located in the main Indian Ocean basin or in the
Southern Ocean.

North of 30°S, where portions of the INDIGO data were
located relatively near WOCE stations, a crossover comparison of
the INDIGO anthropogenic CO, concentrations as a function of

density was made with the WOCE/IGOFS data in that region. The
difference between the two data sets was evaluated at Gy intervals
of 0.05 from the surface to 6 = 27.5 and added to the INDIGO
data. This correction ranged from approximately 12 pmol kg'1 at
the surface down to zero at 27.5.

South of 30°S, there were very few WOCE or CIVAL stations
close enough for a proper crossover comparison. It was clear from
the northern data, however, that some correction was necessary.
Given that the isolines for most properties in the Southern Ocean
run east-west, we decided to correct the southern INDIGO data
based on a crossover comparison with all results from CIVA1 and
WOCE cruises in that region. The average adjustment for the
southern stations was approximately 11 pmol kg'! over the same
density range. The magnitude of the corrections in both regions is
consistent with the expected increase over the time period between
cruises.

2.3.5. Evaluation of Errors. Error evaluation is much more
difficult for the AC* method than for the time series approach
because of potential systematic errors associated with some of the
parameters (i.e., the biological correction). The random errors
associated with the anthropogenic CO, can be determined by prop-
agating through the precision of the various measurements
required for the calculation of (4).
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random error analysis is adapted from Gruber et al. [1996] (exclud-
ing those terms that involve the C:O Redfield error) with additional
terms for the error propagation of the N* correction [Gruber and
Sarmiento, 1997]. The terms involving the C:O are evaluated sepa-
rately below because the random errors cannot be isolated from po-
tential systematic errors. The sigma values used in (6) were either
taken from the appropriate WOCE cruise reports or from previously
determined estimates of Gruber et al. [1996] and Gruber and

= 15. The equation for the
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Sarmiento [1997]. The error in the ACy;; term is taken from the av-
erage value for the standard deviation of the mean for the examined

surfaces (G5c, = 0.5 pmol kg!). The formulation given in (6)

results in an estimated error of 6.1 umol kg'l. This estimate is larger
than the standard deviation of the AC* values below the deepest an-

thropogenic CO, penetration depth (£2.8 pmol kg'1 for pressure >

2000 dbars) suggesting that the propagated errors may be a maxi-
mum estimate of the random variability.

The potential systematic errors associated with the anthropo-
genic CO, calculation are much more difficult to evaluate. The
random error estimate above includes all terms except those asso-
ciated with the C:O biological correction. Although other terms
involving N:O and N:P corrections potentially have systematic off-
sets associated with errors in the ratio estimates, the only poten-
tially significant errors involve the C:O corrections [Gruber et al.,
1996; Gruber, 1998].

There is evidence, however, that the Anderson and Sarmiento
[1994] stoichiometric ratios must be reasonably close to the actual
remineralization ratios observed in the Indian Ocean. Figure 6 is a
plot of AC*, based on CFC-12 ages for the density interval from oy
= 27.1 to 6¢ = 27.15. The diamonds are the values calculated from
(5). These values represent the preserved air-sea disequilibrium
value for the past 40 years and should be constant if the air-sea dis-

equilibrium has not changed over time (i.e., that the surface ocean
CO, is increasing at the same rate at the atmosphere). A linear
regression of the diamonds in Figure 6 yields a slope that is not
significantly different from zero. The circles and pluses are the
AC*, values one would get by using a C:O ratio of -0.60 and -0.78
in (5), respectively. These C:O values represent one standard devi-
ation from the Anderson and Sarmiento [1994] mean value of -
0.69. The -0.60 ratio results in values with a significant positive
slope. This slope would imply that the surface ocean CO; is
increasing much slower than the atmospheric increase. While this
is possible, the -0.60 ratio is much larger than historical Redfield
estimates and would be very difficult to justify. The -0.78 ratio is
more typical of historical estimates but results in a significant neg-
ative slope in the AC*, values with time. A negative slope would
imply that carbon is accumulating in the ocean faster than the
atmosphere. Neither of these scenarios seems very likely. The fact
that none of the AC*, values on the examined surfaces exhibit a
statistically significant slope suggests that the C:O value of -0.69
does accurately represent the remineralization ratio for these
waters and supports the methodology of taking a mean value of
AC*, on these density surfaces.

A sensitivity study was also used to evaluate the potential error
associated with an incorrect C:O value. Two additional estimates
of anthropogenic CO, were determined using the -0.60 and -0.78

o
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o Slope = 0. 478 +/- 0.07
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o .
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Figure 6. Plot of AC*, based on CFC-12 ages for the density interval from 6g = 27.1 to 27.15 versus CFC-12
age. The diamonds were calculated using the Anderson and Sarmiento [1994] C:O (-0.69). The circles and
pluses were calculated from C:O of -0.60 and -0.78, respectively. Lines and text give results from a linear
regression of the three sets of data.
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C:0 values. Since the C:O correction applies to both AC* and the
AC*, terms, the disequilibrium values were reevaluated in the
same manner as described above. The range of anthropogenic val-
ues from these three estimates varied as a function of apparent
oxygen utilization (AOU) from 0.0 to 22 with an average differ-
ence of only 4.2 pmol kg'l. Because the C:O correction affects
both the AC* and AC*, terms together, much of the systematic
error in the final anthropogenic estimate (AC*-AC*) cancels out.

2.4. Inventory Estimates

Basin-wide anthropogenic and excess CO, concentrations
(WOCE/JGOFS - GEOSECS) were evaluated on a 1° grid at 100
m intervals between the surface and 2600 m using the objective
mapping techniques of Sarmiento et al. [1982]. Total anthropo-
genic CO, was mapped over an area from 20° to 120°E and 70°S
to 30°N (excluding areas of land, the Red Sea, the Persian Gulf,
and the South China Sea). Because the WOCE/JGOFS data set did
not cover much of the Southern Ocean, the excess CO, maps were
limited to the area north of 35°S. The values at each level were
multiplied by the volume of water in the 100 m slab and summed
to generate the total anthropogenic or excess CO, inventory. The
method of integrating mapped surfaces compared very well with
the technique of vertically integrating each station and mapping
the station integrals.

It is extremely difficult to evaluate a reasonable estimate of the
potential errors associated with the inventory estimates. A simple
propagation of errors implies that the random errors associated
with any individual anthropogenic estimate is approximately 6.1
pmol kg'l, but these errors should essentially cancel out for an
integrated inventory based on nearly 25,000 individual estimates.
Systematic errors have by far the largest impact on the inventory
estimates. Potential errors as large as +1.8 Pg C have been esti-
mated for the ACy;; term. Sensitivity studies with the C:O varia-
tions give a range of total inventory estimates of +2.5 Pg C. Other
systematic errors could also be generated from the denitrification
term, the terms involving N:O, the time correction for the INDIGO
data, and the mapping routines used in the inventory estimates.
The magnitude of these errors is believed to be much smaller than
the uncertainty in either the C:O correction or the ACg;; determina-
tion. Propagation of the two estimated uncertainties gives an over-
all error of approximately 3 Pg C for the total inventory. An error
of roughly 15% is comparable to previous error estimates using
this technique [Gruber et al., 1996; Gruber, 1998]. Errors for
regional inventories are assumed to scale to the total.

3. Results and Discussion

The excess CO, concentrations for the Indian Ocean range
from O to 25 pmol kg'l. The most prominent feature in the excess
CO, distribution, as shown with representative sections in the east-
ern and western Indian Ocean (Figure 7), is the maximum in con-
centrations at midlatitudes (~ 40°S). This maximum is coincident
with the relatively strong gradient in surface density associated
with the Subtropical Convergence and the transition from the high-
salinity subtropical gyre waters to the low-salinity Antarctic
waters. The outcropping of these density surfaces and subsequent
sinking of surface waters provides a pathway for excess CO, to
enter the interior of the ocean. Relatively high excess CO, concen-
trations can also be observed at the very northern end of the west-
ern section (Figure 7a). Although not readily evident from this

section, the distribution of concentration gradients indicates that
excess CO, is entering the northern Indian Ocean from the Persian
Gulf and Red Sea regions. This is likely to result from the outcrop-
ping of density surfaces in these areas which are not ventilated in
the main Indian Ocean basin. The implied Red Sea and Persian
Gulf sources of CO, are consistent with uptake estimates of
anthropogenic CO, in these areas as observed by Papaud and
Poisson [1986]. The third major feature observed in the excess
CO, distribution is a dramatic shoaling of the excess CO, isolines
south of approximately 40°S. Poisson and Chen [1987] attributed
the low anthropogenic CO, concentrations in Antarctic Bottom
Water to a combination of the pack sea ice blocking air-sea gas
exchange and the upwelling of old Weddell Deep Water. This
explanation is consistent with the observed excess CO, distribu-
tions in this study.

The general features observed with excess CO, are also
observed in the anthropogenic CO, distribution (Figure 8). The
range of values, however, extends up to 55 pmol kg™!. The maxi-
mum depth of the 5 pmol kg™! contour is approximately 1300 m at
around 40°S, only 200 m deeper than the maximum depth of the 5
pmol kg'! contour of excess CO,. The similarity in maximum pen-
etration depth between the 200 year and the 18 year anthropogenic
CO, accumulation, together with the wide range of depths covered
by the 5 pmol kg'! isoline, indicates that the primary pathway for
CO, to enter the ocean’s interior is from movement along isopyc-
nals, not simple diffusion or cross isopycnal mixing from the sur-
face. The 1300 m penetration results from the downwarping of the
isopycnals in the region of the Subtropical Convergence. Likewise,
the low anthropogenic CO, concentrations in the high-latitude
Southern Ocean result from the compression and shoaling of
isopycnal surfaces in that region. Although the complex oceanog-
raphy of the Southern Ocean may call into question some of the
assumptions regarding mixing and nutrient uptake ratios with these
techniques, both the time series excess CO, and the AC* anthropo-
genic CO, calculations clearly indicate that the anthropogenic CO,
concentrations south of approximately 50°S are relatively small.

The distribution of anthropogenic CO, determined in this study
is similar to the distribution presented by Chen and Chen [1989]
based on GEOSECS and INDIGO data. Although the penetration
depth at 40°S was slightly deeper than observed with this study
(1400-1600 m for the 5 pmol kg™! isoline), Chen and Chen also
observed a significant shoaling of the anthropogenic CO, isolines
toward the south. They suggest that anthropogenic CO, has only
penetrated a few hundred meters into the high-latitude (>50°S)

Southern Ocean.
There has been debate in the literature over recent years as to

the importance of the Southern Ocean as a sink for anthropogenic
CO, [e.g., Sarmiento and Sundquist, 1992; Keeling et al., 1989;
Tans et al., 1990]. Most of the recent data-based estimates, how-
ever, indicate a relatively small Southern Ocean sink [Poisson and
Chen, 1987; Murphy et al., 1991; Gruber, 1998; this study]. The
lack of observed anthropogenic CO, in the Southern Ocean is also
qualitatively consistent with AMC estimates which show no mea-
surable storage of bomb 14C in the Southern Ocean since GEO-
SECS [Leboucher et al., 1998; R. Key, unpublished data, 1998].
Recent studies by Bullister et al. [1998], which show evidence of
deep CFC penetration in the Southern Ocean, may appear to con-
tradict these low anthropogenic CO, estimates, but we believe it is
further evidence that one must be careful when inferring anthropo-
genic carbon distributions from other tracers. One possible expla-
nation of this apparent discrepancy may be the CFC equilibration
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Figure 7. Sections of excess CO, along (a) ~57°E and (b) ~92°E. Dots indicate sample locations used in sec-
tions. Note that I6S data along 30°E were brought into the line of section for contours south of 40°S in Figure

7a.

rate of days which is significantly faster than the CO, equilibration
time of months [e.g., England, 1995, Warner and Weiss, 1985;
Tans et al., 1990]. This can become an issue in the Southern Ocean
where upwelling and convection may allow the CFCs to equili-
brate to a greater extent than the CO,. Again, we acknowledge the
limitations of the methods used in the Southern Ocean, and it is
possible that the apparent discrepancy in the CFC penetration ver-
sus the CO, penetration may also be an issue of detection limits.
With a detection limit that is approximately 6 pmol kg'l, it is not
possible to say with this technique that the concentration of anthro-
pogenic CO, below 500 m at 60°S is zero. However, we can say
with some confidence that the concentration is not 10 pmol kg'1 or
greater. Since there is no natural oceanic source of CFCs and these
compounds are not biologically utilized, the ability to detect them
is much greater. If mixing has diluted the anthropogenic signal to
concentrations just below detection limits, it is possible that carbon
measurement based techniques would underestimate the Southern
Ocean sink.

The total anthropogenic CO, inventory for the main Indian
Ocean basin (north of 35°S) was 13.632 Pg C in 1995. The
increase in CO, inventory since GEOSECS was 4.1+1 Pg C for the
same area. This represents a nearly 30% increase in the past 18
years relative to the total accumulation since preindustrial times.
The relative oceanic increase is very similar to the 31% increase
observed in atmospheric concentrations over the same time period
[Keeling and Whorf, 1996]. This similarity suggests that the
oceans, at least for now, are keeping pace with the rise in atmo-
spheric CO,. Approximately 6.7+1 Pg C are stored in the Indian
sector of the Southern Ocean giving a total Indian Ocean inventory
(between 20° and 120°E) of 20.313 Pg C in 1995.

To put these results in a global perspective, the total inventory
for the Indian Ocean is only half that of the Atlantic (40+6 Pg C
[Gruber, 1998]), but it contains an ocean volume that is nearly
80% of the Atlantic. The main difference between the two oceans,
of course, is that the Indian Ocean does not have the high northern
latitude sink that the Atlantic has. The big unknown at this point is
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the anthropogenic inventory of the Pacific. With nearly 50% of the
total ocean volume the Pacific has the potential to be the largest
oceanic reservoir for anthropogenic CO,.

4. Comparison With Princeton Ocean
Biogeochemistry Model

Current IPCC anthropogenic estimates are primarily based on
global carbon models. Ultimately, these models are necessary to
predict the oceanic response to future climate scenarios. It is
important, however, to validate these models. One way to compare
results is to examine profiles of the average anthropogenic concen-
trations such as those shown in Figure 9. The model presented here
is the Princeton Ocean Biogeochemistry Model (OBM). The Prin-
ceton OBM is based on the circulation of Toggweiler et al. [1989]
with explicit parameterization for the biological and solubility car-
bon pumps [Sarmiento et al., 1995; Murnane et al., 1998]. On this
scale the model-based concentrations for both the total anthropo-
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genic CO, and the increase since GEOSECS appear to be reason-
ably consistent with the data. The primary difference is slightly
higher values at middepths in the data-based estimates. A more
detailed examination, however, indicates that the regional distribu-
tion of the model-based estimates is significantly different than the
data-based distribution. Figure 10 presents maps of the vertically
integrated excess CO, normalized to a unit area. The model shows
a consistent decrease in column inventory toward the north. The
lowest inventories in the data-based map are in a narrow band just
south of the equator. The highest values are found in the southeast-
ern Indian Ocean. Relatively high values are also observed in the
Arabian Sea in the regions near the Red Sea and the Persian Gulf.
The small patch of lower values immediately outside the Gulf of
Aden does not result from low concentrations but rather results
from the shallow water depth associated with the mid-ocean ridge
in that area. The low values east of there, however, do result from
lower concentrations near the southern tip of India. The total
model-based inventory for the region north of 35°S is approxi-
mately 0.61 times the data-based inventory (Table 4).

Depth (m)
2
8

Depth (m)
g

60°S 40

20 0
Latitude

20°N

Figure 8. Sections of anthropogenic CO, along (a) ~57°E and (b) ~92°E. Dots indicate sample locations used

in sections.
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Figure 9. Profile of area weighted mean anthropogenic CO, concentrations for model (solid symbols) and

data-based (open symbols) estimates for main Indian Ocean basin (north of 35°S). Circles show increase since
GEOSECS (1978-1995). Triangles show total increase since preindustrial times.

Figure 11 shows maps of total anthropogenic CO, column
inventory. As with the excess CO,, the model predicts decreasing
anthropogenic concentrations north of 35°S. The data-based distri-
bution pattern is similar to the data-based excess CO, pattern with
a minimum inventory band south of the equator and higher values
toward the north and south. Similar to the findings with excess
CO,, the model-based anthropogenic inventory north of 35°S is
approximately 0.68 times the data-based inventory (Table 4). The
largest difference between the data-based results and the model is
evident, however, in the Southern Ocean (south of 35°S). In this
region the model anthropogenic inventory is nearly 2.6 times the
data-based inventory (Table 4). The primary reason for this differ-
ence is the presence of a large convective cell in the model at
approximately 55°S and 90°E in the Southern Ocean. This is a
region of intense, unrealistic convection which pumps relatively
high concentrations of anthropogenic CO, down in excess of 4000
m. This problem is a known shortcoming with the mixing scheme
used in several GCMs [e.g., England, 1995] but has never before
been quantified in terms of its direct effect on anthropogenic CO,
storage by the models. It is beyond the scope of this paper to exam-
ine the details of the model physics; however, this same general
trend of getting too much anthropogenic CO, into the Southern
Ocean has been observed in comparisons with three other global

carbon models with a range of mixing and advective schemes [C.
Sabine, unpublished results, 1998]. This cursory comparison with
the Princeton OBM clearly demonstrates the diagnostic usefulness
of comparing the data distributions with models.

5. Conclusions

Although the general techniques proposed by Gruber et al.
[1996] and Wallace [1995] can be important tools for estimating
global anthropogenic CO,, careful consideration must be used
when applying these techniques to new regions. Complicating fac-
tors such as those found in the Arabian Sea can influence the qual-
ity of the estimates if not properly addressed. An additional term
had to be added to the basic AC* calculation to account for denitri-
fication in the Arabian basin. For the excess CO, calculations a
categorical variable was used to remove regional biases in the
GEOSECS fit.

With the above mentioned modifications the anthropogenic
inventory of the Indian Ocean was shown to be relatively small,
approximately half of that found in the Atlantic. This study pro-
vides an important baseline for future studies of the Indian Ocean.
The calculations presented here suggest that the oceanic increase
in carbon storage (30%) has roughly kept pace with the atmo-
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Figure 10. Maps of vertically integrated excess CO, based on (a) data and (b) model estimates. Contours are
in mol m2. Solid regions indicate land mask used for inventory estimates. Thin lines in Figure 10b indicate

land regions used in Figure 10a.

Table 4. Summary of Data Based and Model Based Inventory
Estimates

Total Southern Main Basin Main Basin Increase
Anthro- Ocean Anthro- Excess since
pogenic  Anthro-  pogenic CO,X GEOSECS,
CO,%  pogenic CO,,x Pz C %
PgC co,P PgC
Pg C
Data 20.313 6.7%1 13.612 4.1%1 299
based
Model 26.7 17.4 9.3 2.5 26.7
based
*Area between 20°-120°E.
atitude is < 35°S.

XLatitude is > 35°S.

spheric increase (31%) over the past 18 years. Models predict that
this trend is likely to change as atmospheric CO, concentrations
continue to rise in the future [Sarmiento et al., 1995]. As more
CO; enters the ocean, the carbonate ion concentration will become
depleted. This will decrease the buffering capacity of the ocean
and its ability to continue carbon uptake at the current rate. Com-
parison of future survey cruises in the Indian Ocean with the
anthropogenic and total carbon values from this study will allow us
to document future changes in ocean chemistry and better under-
stand the oceanic response to global change.

Finally, comparison of the spatial distribution of the anthropo-
genic carbon can be a powerful tool for understanding the carbon
uptake of the models. The methods presented here provide a two-
point calibration for examining the response of the models to
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Figure 11. Maps of vertically integrated anthropogenic
CO, based on (a) data and (b) model estimates. Contours are
in mol m™2. Solid regions indicate land mask used for inven-
tory estimates. Thin lines in Figure 11b indicate land regions
used in Figure 11a.

observed atmospheric CO, increases. The anthropogenic CO, data
can also be subtracted from the TCO, measurements to provide an
estimate of the preindustrial TCO, distribution. Comparing these
estimates with the steady state model distributions can provide
insight into whether differences in the model and data-based
anthropogenic inventories result from problems with the uptake
parameterization or the basic physics and initialization parameters
of the model. This paper is just the first step in the interpretation of
the WOCE/JGOFS data set. Subsequent papers will analyze addi-
tional cruise data as they become available. Together, these analy-
ses will significantly improve our understanding of the global
carbon cycle.
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WOCE survey cruises is given in Table 1.

TABLE 1. Summary for Survey Sectiions

. Chief 14 14
Cruise L. Start End A . C|A°C
Scientist Stations|Samples
I8SI9S [M. McCartney|[12/01/94 [01/19/95 26 662
T. Whitworth |Fremantle |Fremantle
Australia [Australia
I9N A. Gordon 01/24/95 03/05/95 22 364
D. Olson Fremantle |Colombo
Australia |Sri Lanka
I8NISE |L. Talley 03/10/95 |04/15/95 20 414
M. Baringer |Colombo |Fremantle
Sri Lanka |Australia
13 W. Nowlin 04/20/95 |06/07/95 20 462
B. Warren Fremantle [Port Louis
Australia |Mauritius
I5WI4 [J. Toole 06/11/95 |07/11/95 15 361
Port Louis |[Port Louis
Mauritius |Mauritius
17N D. Olson 07/15/95 |08/24/95 22 373
S. Doney Port Louis |Muscat
D. Musgrave |Mauritius |Oman
11 J. Morrison  [08/29/95 |10/16/95 24 426
H. Bryden Muscat Singapore
Oman
110 N. Bray 11/11/95 |11/28/95 6 127
J. Toole Dampier |Singapore
Australia
12 G. Johnson 12/02/95 101/22/96 28 651
B. Warren Singapore |Mombasa
China Kenya

2.0 Personnel

Al*C sampling for cruise I8SI9S was carried out by Melinda Brockington (University of
Washington). Personnel for the remainder of the cruises came from the Ocean Tracer Lab (OTL

Princeton University) and included G. McDonald, A. Doerty, R. Key, T. Key, and R. Rotter. AC

(and accompanying 513 C) analyses were performed at the National Ocean Sciences AMS Facility
(NOSAMS) at Woods Hole Oceanographic Institution. R. Key collected the data from NOSAMS,

merged the files with hydrographic data, assigned quality control flags to the AC and submitted

the results to the WOCE office (4/02). R. Key is P.I. for the 14C data. P. Quay (U.W.) and A.

McNichol (WHOI/NOSAMS) are P.Ls for the 13C data. In addition to collecting samples the ship-

board 4C person was also responsible for operation of the underway pCO, system provided by

the OTL (Sabine and Key, 1997; Sabine, et al., 2000).

Ocean Tracer Laboratory; Technical Report 02-1
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3.0 Results

This A!*C data set and any changes or additions supersedes any prior release.

3.1 Hydrography

Hydrographic data from these cruises were submitted to the WOCE office by the chief sci-
entists and are described in various reports which are available from the web site
(http://whpo.ucsd.edu/data/tables/onetime/1tim_ind.htm).

3.2 Al4C

The A!*C values described here were originally distributed in the NOSAMS data reports
listed in Table 2 and given in full in the References . Those reports included results which had not
been through the WOCE quality control procedures. For WOCE applications, this report super-
sedes the NOSAMS reports.

TABLE 2. NOSAMS Data Report Summary

Cruise |Report
I8SI9S [99-089
I7N  |99-144
I9N

I1 99-199
I8N |00-218
I3 01-013
I5WI4

12 02-001

All of the AMS samples from these cruise have been measured using the AMS methods
outlined in Key et al., 1996 and citations therein (especially Mcnichol et al., 1994; Osborne et al.
1994; and Scheideret al. 1995). Table 3 summarizes the number of samples analyzed and the qual-
ity control flags assigned for each cruise. Approximately 98% of the samples collected were

deemed to be “good” (flagged 2 or 6). Quality flag values were assigned to all A'*C measure-
ments using the code defined in Table 0.2 of WHP Office Report WHPO 91-1 Rev. 2 section
4.5.2. (Joyce, et al., 1994). No measured values have been removed from this data set.

TABLE 3. Sample Analysis and QC Summary

Cruise | Samples QC Flag Totals
Analyzed 3 3 4 3 6

I8SI9S 662 636 6 8 0 12
I9N 368 354 4 3 4 3
ISNISE 416 401 6 0 2 7
I3 463 448 5 0 1 9
I5W14 366 342 3 1 5 15
I7N 383 370 3 0 10 0
I1 430 421 2 2 4 1
110 127 127 0 0 0 0
2 655 636 13 2 4 0
Total 3870( 3735 42 16 30 47

Ocean Tracer Laboratory; Technical Report 02-1 B3



4.0 Data Summary

Figures 2-6 summarize the AC data collected during the Indian Ocean survey. Only
A'¥C measurements with a quality flag value of 2 (“good”) or 6 (“replicate”) are included in the
figures. Figure 2 shows the A'C values with 20 error bars plotted as a function of pressure. The
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Figure 2: A¢ results shown with 20 error bars.

mid depth AC minimum which occurs around 2500 meters in the Pacific is not apparent in these
data. In fact, there is very little variation in the deep and bottom water other than the previously

reported decrease in A'C from south to north. All of the samples collected at a depth greater than

1000 meters have a mean A*C = -165.425%o (standard error = 0.5%o with n=2086). A substantial
fraction of this variability is due to the difference between the Southern Ocean and main basin
deep waters.

Figure 3 shows the deep (>1000m) AC values plotted against silicate. The black and red
points are from north and south of 35°S, respectively. The straight line shown in the figure is the
least squares regression relationship derived by Broecker et al. (1995) based on the GEOSECS

global data set. According to their analysis, this line (A*C = -70 - Si) represents the relationship

between naturally occurring radiocarbon and silicate for most of the ocean. They noted that the
technique could not be simply applied at high latitudes as confirmed by this data set.

Ocean Tracer Laboratory; Technical Report 02-1 B4



Delta C 14 (o/00)
-160 -140 -120 -100
*

-180

- 200

-220

60 80 100 120 140

Silicate (unol/kg)

Figure 3: AC as a function of silicate for samples collected deeper than 1000m. The black points are from north
of 35°S and the red points south of 35°. The straight line shows the relationship proposed by Broecker, et al., 1995

(A14C = -70 - Si with radiocarbon in %o and silicate in [lmol/kg).
Figure 4 shows all of the radiocarbon values plotted against potential alkalinity (defined as

[alkalinity + nitrate]*35/salinity). The straight line is the regression fit (14C =-59-0.962(PALK -
2320) derived by Rubin and Key (2002) using GEOSECS measurements assumed to have no

bomb-produced A*C. The value 2320 is the estimated surface ocean mean potential alkalinity. As
with Figure 3 the black and red points in Figure 4 indicate measurements taken north and south of
35°8S, respectively. Unlike the silicate plot (Figure 3), there is no apparent difference in the rela-
tionship for Southern Ocean vs Indian Ocean deep waters. The distance a point falls above the
regression line is an estimate of the bomb radiocarbon contamination for the sample.

Figures 5-9 show gridded sections of the A'C data. In each figure the water column is
divided into upper (0-1000m) and lower (1000-bottom) portions. The data were gridded using the
loess method (Chambers et al., 1983; Chambers and Hastie, 1991; Cleveland,1979; Cleveland and
Devlin, 1988). The span for the fits was adjusted to be minimum and yet capture the large scale
features. The contour interval is 10%o for the upper water column and 20%o for intermediate and
deep water.

Figure 5 and Figure 6 show the meridional A'C distribution in the eastern and western
Indian Ocean. In both figures the distribution pattern is very similar to that seen in the Pacific

Ocean Tracer Laboratory; Technical Report 02-1 BS
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Figure 4: Based on the potential alkalinity method (Rubin and Key, 2002), the samples which plot above the line

and have potential alkalinity values less than about 2400 lmole/kg are contaminated with bomb-produced l4c.

Ocean WOCE samples. In the Pacific the maximum AC values were frequently found in shal-
low water, but beneath the surface. In the Indian Ocean data a subsurface maximum is not so com-
mon. Both sections show intrusion of Circumpolar Deep Water from the south along the bottom
and return flow of deep water at 2000-3000m. As with the Pacifiic the middepth waters have the

lowest AC values, however the middepth Indian Ocean waters have significantly higher values
that corresponding Pacific waters. This pattern is consistent with a mean ageing of waters from
the Atlantic to Indian to Pacific.

Figure 7, Figure 8 and Figure 9 show zonal AC sections along the WOCE lines I1

(~10°N), I12(~8°S) and I3(~20°S). Except for the western ends, the A'™C contours in the upper
kilometer are relatively flat. In each section the deep waters of the western basins have somewhat

higher A*C than at the same depth in the eastern basins. The strength of this signal decreases
from south to north and is almost certainly due to the western basins having a higher fraction of
North Atlnatic Deep Water.

Figure 10 shows the meridional distribution of bomb produced Al4C (via Rubin and Key,
2002) in the eastern and western Indian Ocean. The eastern section used all WOCE samples col-
lected at depths less than 1000m and east of 85°E. The western section uses the same depth range,
but samples from west of 75°E. Both sections are contoured and colored in potential density space
rather against depth. One might expect a priori that the distributions would differ north of the

Ocean Tracer Laboratory; Technical Report 02-1 B6
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Figure 6: A along 17 in the western Indian Ocean.
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Figure 8: A along 12 in the southern tropical Indian Ocean.
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equator due to the geography and difference in chemistry between the Bay of Bengal and Arabian
Sea. Perhaps unexpected is the fact that the distributions differ significantly as far as 40°S. In the

eastern section the maximum bomb A!*C values are found between 40°S and 20°S and more or
less uniformly from the surface down to the level where 0g~26.5. The western section has a max-

imum in the same latitude range but in this case the maximum occurs as a subsurface lens.

Ocean Tracer Laboratory; Technical Report 02-1 B12
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Date Contact Data_Type Action Summary

10/03/97 | Zimmermann CTD Submitted ready for DQE

I've just sent you the processed CTD data for the WOCE legs 18S + 19S, ready for the DQE step. I've put the files into
the incoming directory of whpo.ucsd.edu.

The files sent are:

I8SI9S.RP1, the CTD report

I8S19S.SUM

I8S.SEA

19S.SEA

KA45D001.CTD through KA45D147.CTD

| am leaving for a cruise Oct 5 and will be back from sea Nov 20. If there are any questions | will not be able to
answer them until then.

10/06/97 | McCartney CTD/BTL Data are Public Not Yet DQE'd

The 18S and 19S data should be made available to the community with the caveat as you mentioned, that the data
have not been DQE'd.

02/23/98 | Kozyr TCARBN/ALKALI Website Update Take Data Offline

| have recently looked at the PUBLIC data files for the WOCE 18S/I19S Sections that are currently posted through
WHPO WERB site. | discovered that the TCO2 and Alkalinity are completely deferent from those | have from BNL Pls
Ken Johnson and Doug Wallace. | thing the TCO2 and TALK data you have are from the Chief Scientist and are the
row data from the cruise records. These data have to be removed from the final data set on the WEB.

I am currently preparing WOCE formatted CO2 data files for this and other Indian Ocean cruises, and will send them
to you as soon as | finish.

02/26/98 | Diggs BTL Data NonPublic by Pl request
WOCE Indian Ocean bottle data from Mike McCartney (108S/109S) has been encrypted as requested by the Pl until
further notice.

03/09/98 | Kozyr ALKALITCARBN Submitted Data are Final
I have put the final CO2-related data for 18S/19S Indian Ocean Line to the WHPO ftp INCOMING area.

03/27/98 | Whitworth CTD/BTL Data are Public Includes i08 i03 s04i icm03 pcm09

Steve Rutz put the ICM3 data on the WHPO FTP site in January, along with the I3 and S4I data, with the provision
that it not be made publicly available yet. We see from the web site that I3 and s4(l) are there, and have resent the
ICM3 data to the FTP site. The PCM9 deployment and recovery cruise data (Rapuhia and Monowai, respectively)
were submitted to NODC in July, 1995. We will also place these on the FTP site. These data are available to the
public.

09/09/98 | Talley SUM Data Update: deleted xtra header lines, 18 changed to i08s

Steve - there were 2 extra header lines in i08ssu.txt. | removed them, and also change the section names from
I8 and 19 to 108S and 109S. | placed the new file in whpo.ucsd.edu INCOMING.

09/30/98 | Talley BTL Data Update: corrected expocode

| made a small change to the first header line of the i08shy.txt and i09shy.txt files - they are from the same cruise
and neither of them had the righ expocode.

Expocode was changed to 316N145_5 in both files.

10/13/98 | Muus CTD/SUM Update needed reformatted files not online

108S CTD data has been reformatted and put on imani anonymous ftp pub/INCOMING/i08sCTD+SUM.tar.gz. The tar
file also includes a comment file and a corrected copy of the summary file. The original summary file is still on the
web but Sarilee reformatted it Feb 6, 1998 (web sample summary file) and | reformatted it Aug 12th. | corrected the
Station 102 date on my reformatted file and included it in the tar file but it still has the /s in the EXPOCODEs as per
instuctions last August.

12/01/98 | Diggs BTL Website Updated:  cfcs, carbon data Public

CFCs removed (masked) from bottle files and decrypted for public consumption per McCartney's instructions. Also
removed ALKALI and TCARBN as well as replacing the string FC02 (with a zero) with the string FCO2 (with an '0') in
both the i09s and i08s bottle files.

12/01/98 | McCartney BTL Update Needed Change status to Public

Someone pointed out to me that the bottle files for 108S and 109S are still encrypted and in non public status. 1do
not recall there being some reason for this but as far as | am concerned, they should be realeased for public use.
Mike McCartney
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12/01/98 | McCartney CFCs/TCARBN/ALK  Data Update Data encrypted by Pl request

CFCs removed (masked) from bottle files and decrypted for public consumption per McCartney's instructions. Also
removed ALKALI and TCARBN as well as replacing the string FC02 (with a zero) with the string FCO2 (with an '0') in
both the i09s and i08s bottle files.

06/16/99 | Diggs CTD/BTL Website Update corrected units in BTL file, reformatted CTD

You are correct, the values were in ml/l and the CTD files were in a non-WOCE format. | have rectified this situation
by replacing both the CTD zipfile and the hydro file with newer versions that are in WOCE formt (CTD) and a newer
hydro file wih the correct units for Oxygen. -sd

Stephen - | downloaded the data for 108S and 109S today, 26 May. | compared the water sample data to data | had
retrieved in April 1995 from the Indian Ocean preliminary data site at WHOI available to Indian Ocean Pls (I work for
Arnold Gordon). The data from your WHPO site has less resolution than the data from 1995. The oxygens in the
hydro files have a resolution of only one decimal place, compared to three in 1995. Phosphate has two compared to
three. The difference seems to be more than a rounding error, as the 1995 data rounded to one decimal place does
not result in the value | retrieved. | suppose if the data were updated and then rounded, this could account for the
difference. Also, | see in the data description that the CTD data was reformatted by WHPO. The data downloaded is
still in the original WHOI format, dated Aug 1995. Is there a final version? - Phil Mele

08/17/99 | Anderson SUM/HYD Data Update: No errors detected

| have checked the .sum and .sea/.hyd files for lines A08, A12, 108S/I09S, and P14S. The files on the web page for
A08 and 108S/109S adhere to the WHP format specifications, and | have run them over the programs wocecvt and
sumchk without any errors.

09/29/99 | Falkner BA Update Needed: ~ Data quallity does not meet WOCE standards

The quality of the Ba data from most WOCE legs in the Indian Ocean turned out to be quite poor; far worse than
attainable analytical precision (+/-20% as opposed to 2%). We recorded many vials which came back with loose
caps and evaporation associated with that seems to be the primary problem. The only hope | have of producing a
decent data set is to run both Ba and a conservative element simultaneously and then relating that to the original
salinity of the sample. We will be taking delivery on a high resolution ICPMS here at OSU sometime this winter
which would make the project analytically feasible and economical. | do not presently have the funds in hand to do
this and so have archived the samples for the time being. | don't think the WHPO would derive any benefit from the
present data set. -- KKF

12/16/99 | Bullister BTLNBR Update Needed:  stations missing or replicated

Stations 1-3 are absent (they were present iin an earlier versioni of the file)
sta 39 samp 1 is repeated 19 times
sta 129 samp 1 is repeated 4 times

12/16/99 | Bullister CFCs Submitted Data are Final & Public
Post these revised files at the web site, with the CFC data 'public' for these cruises.
02/08/00 | Newton CFCs/CO2 Website Update Date Merged into hyd file

Notes on merging of CFC's, TCARBN, ALKALI 316N145_5 108S/09S
In i08shy.txt. Removed 18 duplicate lines at Station 39 cast 1 sampno 1.
Removed 4 duplicate lines at station 129 cast 1 sampno 1.
Merged in CFC11 and CFC12. Merged in TCARBN and ALKALI. Source for
TCARBN and ALKALI was 8.2, Rounded to f8.1 for merged .hyd file.
Stations 1,2,3 were not in .hyd file, but were in cfc file.
David Newton 09Feb2000

02/09/00 | Diggs CFCs/CO2 Website Update CFCs Public, CO2 masked

David Newton and | have done some work on 108S/I09S bottle data. The CFCs have been updated with values from
J. Bullister's 12/1999 data submission and Alex Kozyr's carbon values. The carbon values on-line have been
masked out pending public release from Alex.

All tables and files have been updated accordingly.

02/14/00 | Kozyr TCARBN/ALKALI Submitted Data Final, DQE Complete

I've just put a total of 13 files [carbon data measured in Indian (6 files) and Atlantic (7 files) oceans] to the WHPO ftp
area. Please let me know if you get data okay.

03/01/00 | Whitworth CTD Update Needed Incorrect Oxy units

Bob Key tells me he's notified you of the nutrients units problem on the 18S and 19S bottle files. The CTD files have
the same problem with oxygen - e.g. values in ml/l interpreted as umol/kg.
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03/24/00 | Schlosser He/Tr Data are Public Not final

As mentioned in my recent message, we will release our data with a flag that indicates that they are not yet final. We
started the process of transferring the data and we will continue with the transfer during the next weeks. | had listed
the expected order of delivery in my last message.

04/25/00 | Anderson NUTs Data Update: Units changed from UMOL/L to UMOL/KG

Nutrients were labeled UMOL/KG but were really UMOL/L. Converted mislabeled nutrients from UMOL/L to
UMOL/KG. Subtracted NITRIT from NO2+NO3 to get NITRAT.

04/25/00 | Anderson NUTs/CTDOXY Update Needed Correct NUTs Units not yet online

In March of 1998 | reformatted (this was before our accepted format was in place) 108S, 109S. At that time | noted
that the 02 was in ML/L and the nuts had the wrong unit headings, which | changed from UMOL/KG to UMOLIL.
Perhaps that file was never put up on the web site, but the file there now has the 02 in the correct units UMOL/KG,
and the nuts are as stated by Orsi in UMOL/L but say UNOL/KG. Also there is NO2+NO3 and NITRIT. All of the
above | can correct in a short period of time. Should | go ahead and do this?

| note that the ctd files for this line still have 02 in ml/l.

04/27/00 | Diggs NUTs/CTDOXY Website Update: ~ Reformatted NUTs/CTDOXY online
I have replaced the older 108S/109S files with the ones that Sarilee recently sent. All tables and meta files have been
updated.
05/05/00 | Quay DELC14 Data are Public 108S DEL14C data are public
You can make the 14C data from 18S open to the public.
06/23/00 | Schlosser HELIUM/NEON Submitted also NEON
2000.10.27 KJU

Moved files from ftp-incoming.2000.10.23/ Files contain documentation and bottle data. Could not determine who
sent the files. No relevant email was found. They were received on June 23, 2000 along with other cruises that had
the same format. Path is i08/i08s/original/2000.06.23_18S_DOC_SEA.

08/04/00 | Warren NUTs Update Needed Units & DQE status unclear

Was | right that the 12 nutrients were in per liter rather than per kilogram, and that I8N and I9N were in per kilogram?
Also, did Joe Jennings and Lou Gordon ever review the |1 nutrients? All | have seen is the shipboard data, and the
silicic acid values there for Stations 973, 974, 975, and 996 appear high at all depths, suggestive of a standardization
problem.

08/31/00 | Kozyr OXYGEN Update Needed Units are ml/l, should be umol/kg

in the 19S/18S and 11 .hy files oxygen is given in ml/l instead umol/kg as it is in the rest of section and in WHPO
manual suggested.

09/26/00 | Schlosser TRITUM No Data Submitted Data not yet calibrated

Tritium data will be submitted later (after intercalibration). We hold tritium data for a subset of our He lines only.
WHP lines with tritium: S4P> S41 (East)> 185> 19S> P9

09/27/00 | Kappa Cruise Report Data Update New PDF & TXT files completed

09/29/00 | Huynh Cruise Report Website Updated: pdf, txt versions online

02/07/01 | Mantyla NUTs/S/O DQE Begun Agreed to DQE Indian BTL data
| would be glad to look over the Indian Ocean data for you. Sarilee has started plotting up 101 for me to start on. -
Arnold

02/26/01 | Schlosser HELIUM/DELHE3 Data are Public minor corrections may be needed

Following up on Bill Jenkins's message, | would like to ask you to make public all [deo woce tritium/he data that have
been submitted to you. Because the tritum/he community has not yet finished the final calibration of the data, |
might have to apply minor corrections to these data once the intercal. Effort has been completed. Our acce work
was funded over a 5-year period that ended in 2000. Consequently, this data set is further behind in quality control
before submission, but i expect that we will get these data ready soon.

06/21/01 | Uribe CTD/BTL Website Updated:  Exchange file online

CTD and bottle exchange files were put online.
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09/18/01 | Wisegarver ~ CFCs Submitted Data fainal & public

This is information regarding line: 108S
ExpoCode: 316N145_5

Cruise Date: ~ 1994/12/01 - 1995/01/19
From: WISEGARVER, DAVID
Email address: WISE@PMEL.NOAA.GOV
Institution: NOAA

Country: USA

The directory this information has been stored in is: 20010918.171618_WISEGARVER_I108S

The format type is: ASCII

The data type is: BottleFile

The Bottle File has the following parameters: CFC-11, CFC.12

The Bottle File contains: CastNumber StationNumber BottieNumber SampleNumber

WISEGARVER, DAVID would like the data PUBLIC.

And would like the following done to the data: MERGE FINAL DQE CFC DATA

Any additional notes are: SUBMITTED FOR D.WYLLIE. CFCS ON SI098 SCALE.
12/24/01 | Uribe CTD Website Updated:  Exchange file online

CTD has been converted to exchange using the new code and put online.
01/03/02 | Hajrasuliha  CTD WHPO QC done  .ps & *check.txt files created

created .ps files for this cruise. created *check.txt file for this cruise.

02/01/02 | Anderson TCARBN/ALKALI Website Updated:  Data merged into online file, new CSV file added

Merged TCARBN and ALKALI into bottle file and made new exchange file.
Put both new files online.

03/04/02 | Bartolacci CFC's Submitted Data are Final, DQE'd

| have placed the DQEd CFC data sent by D. Wisegarver in the appropriate 108S original directory. Included in the
directory are website submission README file and data file containing CFC11/12 and quality flags. Data are in need
of merging at this time.

04/01/02 | Gerlach DELC13 Submitted Data are Public, with Q flags
The data disposition is:  Public
The file format is: Plain Text (ASCII)
The archive type is: NONE - Individual File
The data type(s) is: Other: flagged 13C data
The file contains these water sample identifiers:
+ Cast Number (CASTNO)
+ Station Number (STATNO)
* Bottle Number (BTLNBR)
GERLACH, DANA would like the following action(s) taken on the data:
* Merge Data

+ Place Data Online

Any additional notes are:

If there are questions, concerns, or problems, please contact:
+ Dana Gerlach (dgerlach@whoi.edu) or
+ Ann McNichol (amcnichol@whoi.edu)

The data disposition is:  Public
The file format is: Plain Text (ASCII)
The archive type is: NONE - Individual File
The data type(s) is: Documentation
* Other: flagged 13C replicate data
The file contains these water sample
+ Cast Number (CASTNO)
+ Station Number (STATNO)
* Bottle Number (BTLNBR)
GERLACH, DANA would like the following action(s) taken on the data:
* Other: provide as reference
Any additional notes are:
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+ This description file lists the individual flags for the replicate values. It is a detailed listing of those stations which
have c13f = 6.
DELC13 replicate samples (from 20020401.104111_GERLACH_I08S & 20020401.104233_GERLACH_I09S)
WHPID: 108S
expocode: 316N145/5
depth corr station cast niskin del cl3 cl3f average num_reps
57.483 9 1 22 1.608 2 1.611 2
57.483 9 1 22 1.614 2
57.354 21 1 22 1.457 2 1.469 2
57.354 21 1 22 1.480 2
56.247 27 1 22 1.499 2 1.514 2
56.247 27 1 22 1.530 2
57.804 41 1 34 1.656 2 1.671 2
57.804 41 1 34 1.686 2
57.179 56 1 34 1.621 2 1.627 2
57.179 56 1 34 1.633 2
52.786 75 1 32 -0.323 2 -0.323 1
52.786 75 1 32 -4.722 4
54.059 85 1 34 0.679 2 0.726 2
54.059 85 1 34 0.773 2
54.582 100 1 20 0.728 4 1.517 2
54.582 100 1 20 1.517 2
54.908 110 1 34 1.513 2 1.484 2
54.908 110 1 34 1.455 2
33.123 122 1 35 1.329 2 1.462 2
33.123 122 1 35 1.595 2
57.748 134 1 34 1.625 2 1.616 2
57.748 134 1 34 1.607 2
494.872 143 1 2 1.260 2 1.247 6
494.872 143 1 2 1.216 2
494.872 143 1 2 1.284 2
494.872 143 1 2 1.288 2
494.872 143 1 2 1.199 2
494.872 143 1 2 1.237 2
08/09/02 | Anderson ALKALI Website Updated:  TCARBN/ALKALI/C13/C14/CFCs Online
Merged the DELC14 and C14ERR from Key, the DELC13 from Gerlach, and the TCARBN and ALKALI from Kozyr.
Created QUALT2 flags by copying the QUALT1 flags. Merged the CFCs from Wisegarver. Made new exchange file.
Notes for i08s/i09s:
Merged the DELC14 and C14ERR from file 18S19S.C14 found in
lusrfexport/html-public/data/onetime/indian/i08/i08s/original/’20020410_KEY_I8SI9S_C14
into online file 20020201 WHPOSIOSA.
Remerged the TCARBN and ALKALI from file
2000.02.14_C0O2_KOZYR _i8si9sdat.txt found in /usr/export/html-public/data/onetime/indian/i08/i08s/original/moved
_from_ftp-incoming.2000.02.14
into online file. This file contains moreup-to-date data.
Merged the DELC13 (i08s only) from file 20020401.102044_GERLACH_l08S_whpo_i08s.txt found in
lusrfexport/html-public/data/onetime/indian/i08/i08s/original/’20020401.102044_GERLACH_I08S into online file.
Merged the DELC13 (i09s only) from file 20020401.102306_GERLACH_I09S_whpo_i09s.txt found in
lusrfexport/html-public/data/onetime/indian/i09/i09s/original/’20020401.102306_GERLACH_I09S into online file.
Created QUALT?2 flags by copying the QUATL1 flags.
Merged CFC11 and CFC12 from file 20010918.171618_WISEGARVER_I08S_i08s_CFC_DQE.dat found in
lusrfexport/html-public/data/onetime/indian/i08/i08s/original/2001.09.18_108S_CFC_DQE_WISEGARVER
into online file.
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08/14/02 | Anderson HELIUM/NEON Website Updated: HELIUM/DELHE3/NEON Online

Merged the DELHE3, DELHER, HELIUM, HELIEER, NEON, and NEONER into online file. Made new exchange file.

Merge notes for i08s:

DELHER, HELIUM, HELIER, NEON, and NEONER from file i8SHeNe.SEA found in
lusrfexport/html-public/data/onetime/indian/ i08/i08s/original/2000.06.23_I8S_DOC_SEA

into online file 20020809WHPOSIOSA.

Merged DELHE3, DELHER, HELIUM, HELIER, NEON, and NEONER from file i9SHeNe.SEA found in

lusrfexport/html-public/data/onetime/indina/i09/i09s/original/2000.06.23_I9S_DOC_SEA
into online file.

09/19/02 | Anderson CTDSAL/CTDOXY  Update needed flag problems

Alex Kozyr noticed that the online bottle file had 1 flags for almost all the CTDSAL and CTDOXY. In looking at the file
| noticed that there are many other flag problems. These need to be investigated and corrected when time allows.

09/30/02 | Kozyr NUTs Update Needed stn 138, btl 1 should all be flagged 4

In 108S109S files i08shy.txt and i08s_hy1.csv, station 138, bottle 1 (last line for this station) all nutrients are obvious
outliers and should be flagged 4 (bottle has flag 3).

06/20/03 | Anderson TRITUM Website Updated: Data Reformatted/OnLine

Merged TRITIUM and TRITER sent by Bob Newton April 29, 2002 into online file. Made new exchange file.

June 20, 2003
Merged TRITIUM and TRITER into online file. Tritium file sent by Bob Newton April 29, 2002.

There were 7 stations in the tritium file that had duplicate tritium values. The merge program uses the first value.
Below are the duplicate values.

sect id stnnbr castno sampno depth Tritum flags TrEr
I08S 4 1 21 800 1.021137124 22 0.013095889
I08sS 35 1 28 159 1.047400814 44 0.033042912
I08sS 35 1 27 259 0.744451287 44 0.012347122
I08sS 35 1 25 457 0.306869291 22 0.007097154
I08sS 59 1 6 3885 0.146283093 44 0.006416019
I09s 97 1 11 2402 0.123630035 44 0.004821189
I09S 114 1 32 107 0.406992072 22 0.007447354

The original file from Newton only had one quality flag. | copied that into the QUALT2 field.

01/10/05 | Key DELC14 Report Submitted  covers 9 Indian Ocean cruises, 1/94-1/96

The U.S. WOCE Indian Ocean Survey consisted of 9 cruises covering the period December 1,1994 to January
22,1996.All of the cruises used the R/V Knorr operated by the Woods Hole Oceanographic Institute. A total of 1244
hydrographic stations were occupied with radiocarbon sampling on 366 stations.

05/18/05 | Anderson CTD Website Updated:  changed number of records to 1573
Changed the NO. RECORDS in file i08s0037.WCT from 1572 to the correct value1573. Rezipped i08sct.zip and put
new file online.

11/08/07 | Swift S/02/NUTs update needed data & Q flag problems detailed

Noted following problems w/ 18S/19S Exchange bottle data file:
Bottle quality flag 9, but there are values for some bottle data parameters (station/cast/sample):

27 1 23
47 1 32
37 1 33
28 1 19

[ found no bottle quality code 1 flags, though | thought Lynne mentioned some.

Bottle quality flag 2 but no bottle data:

52 1 29

92 1 36
104 1 21
143 1 2
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11/08/07 | Swift S/02/NUTs update needed data & Q flag problems detailed (continued)
Bottle quality flag 3, but missing or bad bottle data:
% 1 N
123 1 34
32 1 30

Bottle quality flag 3, but bad salts and oxygens (some may have nuts coded 27?):

15 (R 63 (R
145 1 6 138 1 1
10 1 2 66 (R
129 1 3 119 125

similar to previous, but may have code 3 for salt or oxygen:

18 1 7
26 1 13
44 132

Bottle code 2 but no bottle data (at least for S, 02, and, | think, nuts):

52 129 104 121
92 1 36 143 1 2

Bottle coded 3, but with good oxygens and, in all but three cases, good salts (should these be code 2 bottles??):

15 1 24 62 120 21 1 1 12 1 16
55 119 128 110 7 1 15 1 1 16
109 117 66 1 24 39 1 4 138 1 24
124 123 116 110 20 1 1 144 122
122 1 35 63 130 80 112 141 128
4 1 1 124 110 17 1 1 135 128
133 1 14 39 110 39 1 1 126 123
138 1 13 96 117 103 (R 132 132
72 126 122 110 19 1 1 18 123
100 (R 13 1 13 39 1 2 120 1 28
98 126 44 110 80 110 27 120
109 1 24 89 1 24 86 1 24 130 1 24
74 1 24 85 129 93 (R 48 119
111 1 24 89 123 126 121 128 128
62 125 39 1 8 86 117 14 123
96 128 13 110 121 122 42 129
39 112 21 1 13 141 122 43 1 34
120 112 34 1 4 46 1 2 114 1 36
34 (R 36 120 114 1 24 48 123
115 1 13 115 1 6 22 1 15 97 131
28 (R 74 1 13 42 122 13 1 36
68 1 24 111 (R 65 110 108 1 36
94 130 80 117 89 1 9 108 1 34
122 112 64 1 16 103 1 7 62 1 34
62 122 39 1 5 125 122 64 1 36
134 (R 92 1 15 140 122 94 1 34
91 128 118 1 3 85 1 5
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11/09/07 | Muus S/O2/NUTs Update Needed:  will correct errors noted by J.Swift
The oldest 108S, 109S 1994 hottle files | can find are i8s.sea and i9s.sea dated Oct 3, 1997, Expocode 31ka45, which appear to me to be the original WHOI files.
They contain the same quality flag problems that have been carried through to the present.
| cannot find any record of a DQE. Jerry's hard copy book has a message from you, dated Feb 6, 2001, to Arnold Mantyla requesting he DQE all Indian Ocean
WOCE cruises together with Arnold's response saying he would be glad to do it and would start with 101. But the book has no further reference to a DQE for
108S/109S.
| will correct the problems you found and then recheck for any other problems

11/21/07 | Jennings NITRAT Update Needed:  flag stn 60, 3358.4 dbar "-9"
There was a bubble in the nitrite flow cell which caused the high absorbance reading (station 60, 3358.4 dbar value of 1.08). Since it is an obvious problem, I'd
replace the bad value with a -9.

03/24/08 | Muus DELC13/CFCs Website Updated  Qual flag correctioins

Notes on changes to I08S-I09S 1994 20051213 bottle data files:
EXPOCODE 316N145 5

1. No PCO2 data so PCO2 column deleted.
2. CTDSAL & CTDOXY quality flag "1"s(Stations 4-59) and "3"s(Stations 60-147)

108S_1994 « 109S_1995

that first appeared in the 19980616 bottle files were changed back to the
original quality flag "2"s.
3. Inconsistent quality flags were changed to more logical values based on plots of data values:

STNNBR CASTNO SAMPNO BTLNBR CTDPRS 20051213 QUALT1 NEW QUALT2
4 1 8 SIHO029 1725.7 31129222299559995999 22229222299559995999 Btl 2 vs 3
4 1 1 SIHO36 1937.0 31122222222422625222 22222222222422625222 Btl 2 vs 3
7 1 15 SIHO21 810.6 31122222299259225999 22222222299259225999 Btl 2 vs 3
10 1 2 SIHO001 4373.7 31144222299559995999 32244444499559995999 Nuts 4 vs 2, Bottle appears to have leaked.
11 1 16 SIHO022 608.7 31122222222559225999 22222222222559225999 Btl 2 vs 3
12 1 16 SIHO022 609.6 31122222222559995999 22222222222559995999 Btl 2 vs 3
14 1 23 SIHO33 30.6 31122222299559995999 22222222299559995999 Btl 2 vs 3
15 1 24 SIHO037 12.6 31192222299559995999 22292222299559995999 Btl 2 vs 3
15 1 11 SIHO15 1516.4 31144444299559335999 32244444499559335999 PO4 4 vs 2
17 1 1 SIHO36 4192.5 31122222233559225999 22222222233559225999 Btl 2 vs 3
18 1 23 SIHO33 33.4 31122222299229995922 22222222299229995922 Btl 2 vs 3
18 1 7 SIHO09 2734.4 31143444299439995933 32243444499439995933 PO4 4 vs 2
19 1 1 SIHO36 4160.5 31122222299559625999 22222222299559625999 Btl 2 vs 3
20 1 1 SIHO36 3896.1 31122222222559995999 22222222222559995999 Btl 2 vs 3
21 1 13 SIHO018 1202.3 31122222222552225299 22222222222552225299 Btl 2 vs 3
22 1 15 SIHO21 812.2 31122222299559995999 22222222299559995999 Btl 2 vs 3
26 1 13 SIHO018 1009.8 31143222299559995999 22243222299559995999 Btl 2 vs 3
27 1 23 SIHO033 32.0 93399222299559995999 92399444499559995999 Nuts 4 vs 2. All are exact dupe of sample 23 so
probably no water sample obtained.
27 1 20 SIHO28 208.3 31122222222552295299 22222222222552295299 Btl 2 vs 3.
28 1 19 SIHO027 307.5 93399222299559995999 22399222299559995999 Btl 2 vs 9, Nuts only water samples given but look OK.
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28 1 11
32 1 30
34 1 11
34 1 4
36 1 20
37 1 33
37 1 31
37 1 18
39 1 12
39 1 10
39 1 8
39 1 5
39 1 4
39 1 2
39 1 1
41 1 11
42 1 34
42 1 29
42 1 22
43 1 34
44 1 32
44 1 10
46 1 2
47 1 32
48 1 23
48 1 19
52 1 29
55 1 19
62 1 34
62 1 25
62 1 22
62 1 20
63 1 30
63 1 11
64 1 36
64 1 16
65 1 10
66 1 24
66 1 11
67 1 3
68 1 24
72 1 26
74 1 24
74 1 13

SIHO15
SIHO029

SIHO15
SIHO004
SIHO028
SIHO026
SIHO024
SIHO003
SIHO16
SIHO13
SIHO10
SIHO006
SIHO004
SIHOO01
SIHO36
SIHO15
SIHO029

SIHO14
SIHO31
SIHO029
STIHO023
SIHO13
SIHOO01
SIHO023
WHEO17
WHEO014
SIHO14
SIHO027
SIHO029
SIHO19
SIHO31
SIHO028
SIHO17
SIHO15
SIHO35
SIHO022
SIHO13
SIHO37
SIHO15
SIHO025
SIHO37
SIHO005
SIHO37
SIHO18

1415.
206.

1829.
2943.
916.
82.
157.
1115.
1721.
2135.
2565.
3158.
3360.
3698.
3743.
1823.
56.

256.
706.
56.
105.
2320.
3810.
81.
26.
297.
253.
1026.
57.
464.
721.
913.
207.
2438.
10.
1414.
2736.
503.
2431.
2941.
508.
104.
307.
1214.

w

WO OO WN I J 0N 0oy Jd o
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31122222299559995999
31149444299559225999

31122222299559995999
31122222299559995999
31122222299559995999
93399444299559995999
22221222222559295999
41144444222559395999
31122222222559225999
31122222222559225999
31122222222559225999
31122222222559235999
31122222222559225999
31122222222559225999
31122222222559695999
31129222299559225999
93399999999549995924

31122222299559995999
31122222299559995999
31122222299559225999
31133222266559995999
31122222222559995999
31122222299559225999
93399222299559995999
31122222222552995299
31122222299552995299
23399999999559995999
31142333322559995999
33322222299552225299
33322222222552225299
33322222299559925999
33322222299552995299
33322222299559995999
33344222299559995999
33322222222559625999
33322222299559225999
33322222999559995999
33322222299559225999
33344222299559225999
43344222299559995999
33322222222429995922
33322222299559225999
33322222299559995999
33322222299559995999

22222222299559995999
32249444499559445999

22222222299559995999
22222222299559995999
22222222299559995999
93399444499559995999
22229222222559295999
42244444444559495999
22222222222559225999
22222222222559225999
22222222222559225999
22222222222559235999
22222222222559225999
22222222222559225999
22222222222559695999
22229222299559225999
72399999999549995944

22322222299559995999
22222222299559995999
22222222299559225999
22233222266559995999
22222222222559995999
22322222299559225999
92399444499559995999
22222222222552995299
22222222299552995299
73399999999559995999
32243333333559995999
22222222299552225299
22222222222552225299
22222222299559925999
22222222299552995299
22222222299559995999
32244444499559995999
22222222222559625999
22222222299559225999
22222222299559995999
22222222299559225999
32244444499559445999
42244444499559995999
22222222222429995922
22222222299559225999
22222222299559995999
22222222299559995999
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Btl 2
PO4 4

vs 3.
vs

N

TCARBN 14 low,
vs 2 [ctds max,

ALKALI 10 hi @ 272db gf2 4
ctdo min, btls-ctds=-.08]
Btl 2
Btl 2
Btl 2
PO4 4 vs
02 9 vs 1
PO4,fl11,£f12 4 vs 2;
Btl 2 vs 3
Btl 2 vs
Btl 2 vs
Btl 2 vs
Btl 2 vs
Btl 2 vs
Btl 2 vs
Btl 2 vs
Dhe3 4 vs 2
Btl vs 9
Btl vs 3
Btl vs 3
Btl vs 3
3
3
3

vs
vs
vs

N W ww

TCARBN 4 vs 3

wWwwwwww

DELHE3, HELIUM, NEON submitted i8SHeNe.SEA

Btl Vs
Btl Vs
Btl Vs
Nuts 4 vs 2
Btl Vs
Btl Vs
Btl Vs
Oxy Vs
Btl Vs
Btl Vs
Btl vs
Btl Vs
Btl Vs
Nuts 4 vs 2,
Btl 2 vs 3
Btl 2 vs 3
Btl 2 vs 3
Btl 2 vs 3
Nuts 4 vs 2,
Nuts 4 vs 2,

DN NN

no water sample data
; f11&£f12 3 vs 2

DN WINN
W wwwwhDNDww

data indicates leak.

ALKALI & TCARBN 4 vs 2, data indicate leak
data indicates mistrip or leak.

Btl 2 vs 3
Btl 2 vs 3
Btl 2 vs 3
Btl 2 vs 3
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89
89
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17
12
10
29

5
24
24
17
30

24
23

9
28
36

15
11
34
30
28
17
31
26
11
11

7
31
21

36
34
24
17
24
11
36
13
10
36
24
13

6
10
14

3

SIHO024
SIHO16
SIHO13
SIHO14
SIHO006
SIHO37
SIHO37
SIHO024
SIHO17

SIHO37
SIHO33
SIHO12
SIHO11
SIHO35

SIHO21
SIHO15
SIHO029
SIHO17
SIHO11
SIHO024
SIHO020
SIHO005
SIHO15
SIHO15
SIHO009
SIHO020
SIHO30

SIHO35
SIHO029
SIHO37
SIHO024
SIHO37
SIHO15
SIHO35
SIHO18
SIHO13
SIHO35
SIHO037
SIHO18
SIHO38
SIHO13
SIHO002
SIHO025

1214.
1721.
1924.
254.
2330.
2908.
506.
1217.
206.

509.
609.
2235.
306.
10.

1629.
2436.
57.
202.
306.
1217.
156.
409.
456.
2435.
3664.
157.
812.

13.
56.
507.
1213.
510.
1915.
11.
1613.
1920.
10.
507.
1625.
2743.
2026.
1516.
3457.
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33322222299559995999
33322222299559995999
33322222299559995999
33322222222552295299
33322222222552225299
93329999999559995999
33322222299229225922
33322222299249225924
43333222299459995999

33322222222559995999
33322222299559995999
33322222222429995922
33322222222559995999
23399999999559995999

33322222222529225922
33322222299559995999
33322222299559995999
33322222299559225999
33322222299559225999
33322222299559225999
33322222299559995999
33322222299559995999
33322222222552235299
33322222222229995922
33322222222229995922
43344222299554995399
23399999999559995999

33322222299559225999
33322222299559225999
33322222222559995999
33342222299559995999
33322222299559995999
33322222299559995999
33322222299559995999
33322222299559995999
33322222299559995999
33322222222559625999
33322222299559995999
33322222299559995999
33322222299559995999
33322222299559225999
43344222299559995999
33322222299459225999

22222222299559995999
22222222299559995999
22222222299559995999
22222222222552295299
22222222222552225299
92299999999559995999
22222222299229225922
22222222299249225924
42233333399459995999

22222222222559995999
22222222299559995999
22222222222429995922
22222222222559995999
73399999999559995999

22222222222529225922
22222222299559995999
22222222299559995999
22222222299559225999
22222222299559225999
22222222299559225999
22222222299559995999
22222222299559995999
22222222222552235299
22222222222229995922
22222222222229995922
42244444499554995399
73399999999559995999

22222222299559225999
22222222299559225999
22222222222559995999
22242222299559995999
22222222299559995999
22222222299559995999
22222222299559995999
22222222299559995999
22222222299559995999
22222222222559625999
22222222299559995999
22222222299559995999
22222222299559995999
22222222299559225999
42244444499559995999
22222222299459225999

Btl
Btl
Btl
Btl
Btl

DN DN DN

2

Vs
vs
vs
vs
vs

SALNTY 9
Btl 2 vs
Btl 2 vs

Nuts 3 vs 2,

Btl
Btl
Btl
Btl
Btl

Btl
Btl
Btl
Btl
Btl
Btl
Btl
Btl
Btl
Btl
Btl

NN NN

DN NDNDNDDNDNDDNDDN

Vs
vs
vs
vs
vs

vs
Vs
vs
vs
Vs
vs
vs
vs
vs
vs
Vs

Wwdg Wwwww

3
3
3
3
2,

Wwwwwwwwwww

S

2 value = -9
nut data look ok but do not know reason

for btl gf=4 and no other values 2.

No water sample data.
Original CTDS&O gf=3(i9s sea.txt)

Nuts 4 vs 2 Data indicates mistrip
Btl 7 vs 2,

Btl
Btl
Btl
Btl
Btl
Btl
Btl
Btl
Btl
Btl
Btl
Btl
Btl
Btl

Nuts 4 vs 2,

DO NDNDNDNDNDDNDNDDNDDNDN

Vs
vs
vs
Vs
vs
Vs
Vs
vs
Vs
Vs
Vs
Vs
vs
Vs

WWWwwwwwwwwwwww

Btl 2 vs 3

No water sample data.
Original CTDS&O gf=3(i9s sea.txt)

data indicate mistrip

108S_1994 « 109S_1995
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4/22/08

119 1 25 SIH019  457.1
120 1 28 STHO11  308.4
120 1 12 SIHO16 1931.9
121 1 22 STHO031  710.9
122 1 35 SIHO032 33.8
122 1 12 SIHO16 2114.2
122 1 10 STIHO013 2544.1
124 1 23 STH033  608.7
124 1 10 STIHO13 2640.9
125 1 22 STH031  710.8
126 1 23 STH033  608.6
126 1 21 STIHO030  811.3
128 1 28 STHO11  309.9
128 1 10 SIH013 2733.5
130 1 29 STIHO014  252.5
130 1 24 STH037  503.4
132 1 32 STH023  109.1
133 1 14 SIH002 1821.4
134 1 11 SIHO15 2743.5
135 1 28 STHO011  309.8
138 1 24 STH037  612.4
138 1 13 SIH018 2322.5
138 1 1 SIHO036 5351.6
140 1 22 STHO031  711.9
141 1 28 STIHO11  311.1
141 1 22 STH031  712.9
143 1 2 SIHO01  499.6
144 1 22 STH031  450.2
145 1 6 STIH038 1111.4
20080324 /dm
Kappa Cruise Report Expanded

Updated & expanded these Data Processing notes.
Added 3 reports to pdf and text versions of cruise report:

33344222299559995999
33322222299559225999
33322222222559225999
33322222299559995999
33332222222556225699
33322222222422225222
33322222299552225299
33332222222559225999
33322222299559225999
33322222222559995999
33322222222559225999
33322222222559225999
33322222299553225499
33322222299559225999
23344222299559225999

33322222299559295999
33322222299559225999
33322222299559995999
33322222299552225299
33322222299559995999
33322222299552225299
33322222299559225999
33344444499559635999

33322222299559225999
33322222299559995999
33322222299559995999
23399999999556995699
33322222299559295999
33344222299559935999

32244444499559995999
22222222299559225999
22222222222559225999
22222222299559995999
22232222222556225699
22222222222422225222
22222222299552225299
22232222222559225999
22222222299559225999
22222222222559995999
22222222222559225999
22222222222559225999
22222222299553225499
22222222299559225999
42244444499559445999

22222222299559295999
22222222299559225999
22222222299559995999
22222222299552225299
22222222299559995999
22222222299552225299
22222222299559225999
32244444499559335999

22222222299559225999
22222222299559995999
22222222299559995999
23399999999556995699
22222222299559295999
32244444499559935999

Added 3 reports, expanded Data Processing Notes

1. Assessment of the quality of total inorganic carbon measurements (Appendix B)
2. Assessment of the quality of the shipboard measurements of total alkalinity (Appendix C)
3. Anthropogenic CO2 Inventory of the Indian Ocean (Appendix D)

Nuts 4 vs 2,

Btl
Btl
Btl
Btl
Btl
Btl
Btl
Btl
Btl
Btl
Btl
Btl
Btl

DN NDNDNDNDNDNDNDDNDDNDDNDN

Nuts,

Btl
Btl
Btl
Btl
Btl
Btl
Btl

TCO2 3 vs 6,

Btl
Btl
Btl
Cl4
Btl

Nuts 4 vs 2,

DN NN NN

NN NN
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data indicate problem
vs
vs
vs
vs
vs
vs
vs
vs
vs
vs
vs
vs
vs
Alk & TCARBN 4 vs 2, btl 4 vs 2,
btl closed early

WWWwwwwwwwwwww

data indicate

vs
vs
vs
vs
vs
Vs
vs

W wwwwww

TCARBN ok but most other water smpls indicate

problem. TCARBN values same @ 1800db as this level.
vs 3
vs 3
vs 3
cl3 gf = 6, no other water samples, left as is.
vs 3

data indicate leak





